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Abstract
Arabidopsis thaliana(L.)Heyn is a mostly Eurasian species of Brassicaceae with a rosette habit
during the vegetative phase. At preliminary experiments, it has been observed that variation in
rosette morphology in the juvenile stage, from seedling to flowering, is ecotype and environment
specific phenotype .
I have examined the genetic basis of rosette architecture putting together whole-rosette
high-throughput phenotyping and “phenotype to genotype mapping”. Each rosette has been
measured for Shape Descriptors derived from Digital Geometry using Computer Vision. Shape
Descriptors have been use as traits for Association Mapping (GWAS) and Linkage mapping
in three experimental populations: Natural Accessions, Recombinant Inbred Lines derived of
a Cape Verde Island x Argentat cross, and Recombinant Inbred Lines from a Multiparent
Advanced Generation Intercross (MAGIC).
GWAS and Linkage mapping found four potential QTLs during an initial scan. From
MAGIC fine-mapping population, 41 potential Quantitative Trait Loci were found associated
with rosette global architecture. I hypothesized that genes that integrate developmental re-
sponse to environment (Erecta, PhyB) have influenced the developmental canalization of rosette
morphology in juvenile plants.
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1.1 General Plant Shoot Architecture
The aerial parts of plants exhibit a myriad of architectures with different degrees of complexity
(Reinhardt, 2002). They range from little rosettes to big trees, shrubs or bushes, from plants
with a primary growth axis, e.g maize, to complex branching pattern, e.g ferns, from simple
leaves to complex leaflets, e.g tomato, and a plethora of leaf positioning patterns and leaf shapes
(Teichmann and Muhr, 2015).
In spite of this complexity, at a lower level, shoots are composed of repetitions of simple
units, called phytomers, consisting of an internode, i.e a portion of stem, and a node with an
axillary leaf and a bud (meristem). The tissue responsible for building the phytomers is the
apical meristem, e.g Shoot Apical Meristem (SAM) or Axillary meristems in the axil of leaves.
Meristems control the growth and development of new phytomers, organize the leaf initiation,
and eventually the progression to reproductive structures. The phytomer growth pattern is
called a plastochron. The size of phytomers determines not only whole plant size, but the
general structure of the plant. For example, long phytomers result in tall plants with sparse
leaves between phytomers, like maize, and those with short internodes result in rosettes, e.g
Arabidopsis or Tobacco. Meristem also controls the position and angle of leaves, resulting in
opposite or alternate leaves pattern, and the division in branches that continue forming new
phytomers in shrubs, trees or inflorescences (Howell, 1998; Leyser and Day, 2009).
Meristematic tissue regulates plant architecture by stem cell differentiation (Barton and
Poethig, 1993). Many of the mechanisms involved have been elucidated by forward genetics, i.e
1
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genetic screens on induced mutants, and new discoveries are still ongoing in the field. Reviews
by Kozuka et al. (2005); Tsukaya (2004) and Tsukaya et al. (2002) address the genetic control
of leaf and petiole development and Bar and Ori (2014) reviews the effects of hormones and
transcriptional regulators in leaf initiation, morphogenesis and determination. Meristems also
control the integration of environmental signals, controlling the ontogenic adaptive response
to local conditions, resulting in plastic phenotypes that buffer the effect of stress and micro-
environmental variation (Mandel et al., 2014; Massonnet et al., 2010; ichi Sugiyama and Gotoh,
2009; Kwiatkowska, 2008; Granier et al., 2002).
1.2 Arabidopsis thaliana architecture
Arabidopsis thaliana (Heyn.) is a model organism frequently used for genetic studies in plants.
This species has a rapid development into a relative small size rosette and inflorescence allowing
to grow it in small spaces and higher number of replicates than other plants (Boyes et al., 2001).
Arabidopsis genome is relatively small (5 chromosomes with around 125 Mb) being one of the
first plants in being fully sequenced (Kaul et al., 2000), evolving into a myriad of genetic
resources such as inbred experimental population, e.g AMPRIL and MAGIC (Bergelson and
Roux, 2010), diversity panels, e.g. 1001 Genomes Project (Weigel and Mott, 2009; Alonso-
Blanco et al., 2016), mutant panels, e.g ”unimutant” collection (O’Malley and Ecker, 2010;
Bergelson and Roux, 2010), among many others.
Arabidopsis can grow complete its life-cycle in around 6 weeks in laboratory conditions,
although some ecotypes can take several months to flower (Napp-Zinn, 1985; Shindo et al.,
2007). During their vegetative phase, seedlings produce a hypocotyl with two cotyledons. The
Shoot Apical Meristem (SAM) produces new leaves in a rosette until the flowering signals trigger
the transition from juvenile stage to adult, reproductive stage. Arabidopsis has a determinate
development, meaning, that no more rosette leaves are formed after floral initiation. The
reproductive structure is a inflorescence with variable number of branches, cauline leaves and
flowers (Boyes et al., 2001; Kjemtrup et al., 2003; Vanhaeren et al., 2015).
The formation of new phytomers during the rosette stage develops short internodes, resulting
in new leaves growing very close to each other. This property confers the rosette structure of
the species. Arabidopsis phyllotaxis initiate new leaves each 137.5o, giving a spiral-like aspect
Page 2
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to young rosettes (Mu¨ndermann et al., 2005; Kuhlemeier, 2007).
Camargo et al. (2014) observations on natural variation in Arabidopsis rosette development
noticed heritable variation in early juvenile rosette morphology. This variation in rosette shape
has been studied by Camargo et al. (2014) and Pe´rez-Pe´rez et al. (2002). Recent studies have
also addressed the natural variation in Arabidopsis rosettes, but quantifying size rather than
shape, and they are summarized in table 1.1 and reviewed by Vanhaeren et al. (2015) and
Humpl´ık et al. (2015) . Research quantifying whole-organ rosette structure, using geometrical
morphometrics or statistical shape description, are absent in the literature,.and cited studies
using top-view imaging of rosettes, only measure size, growth and at most the compactness,
i.e. rosette coverage, but not global shape parameters.
1.3 Phenotype to Genotype Mapping
in Arabidopsis thaliana
The main approaches used to unveil the genetic cause of phenotypic variation in plants are
forward and reverse genetics (Alonso and Ecker, 2006). Forward genetics consist in either
a search for or production of mutants which vary from the wild-type for traits of interest
(Peters et al., 2003). Briefly, new mutants are produced by any method that accelerates the
mutation rate in the plant, e.g by radiation or biolistics. Those mutants are then screened for
phenotypes of interest, and after recognizing them, subjected to a labour-intensive procedure
of searching for the specific genome region mutated, which can be cloned and inserted in a non-
mutant variety for testing. Reverse genetics approach works in the opposite direction (Adams
and Sekelsky, 2002), the gene or genes of interest are subjected to directed mutations, gene
silencing, or other molecular techniques, to test specific relationships between the gene and the
resulting phenotype. Generally, forward and reverse genetics has been able to establish the
causal relationship between genotypes and resulting phenotypes.
Quantitative genetics makes use of natural variation in populations rather than mutants
(Falconer and Mackay, 1996). The Quantitative Trait Loci Mapping approach consists in as-
sociating genetic variation with phenotypic variation to ascertain the genetic architecture of
traits. In general, quantitative genetics provides an approximate measurement of causal loci
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location in the genome and their effect in the phenotype (Holland, 2007). To identify locus
location, statistical methods calculate genetic distances between phenotypes, e.g Sturtevants’
linkage map on Drosophila, between a qualitative traits and a quantitative one, e.g. Sax (1923),
or between a quantitative trait and genetic markers, e.g. Thoday (1961). The advent of molec-
ular genetic markers allowed to calculate distances between them to build genetic maps (Barton
and Keightley, 2002). Thus, statistical genetic tools to calculate distance between molecular
markers and phenotypes opened up the possibility to map phenotypic variation to markers vari-
ation (Mackay, 2001). The rationale is that polymorphic causal loci in a population produce
variation in phenotypic values in an amount determined by the loci’s role in the genotype to
phenotype route, which is the “effect size” of such loci, i.e the difference in alleles’ phenotypic
values.
The power to quantify association between causal loci and phenotypic variation through
allelic variation in molecular markers is based on the linkage dissequilibrium (LD) between
the loci and markers (Takuno et al., 2012). When a marker and a locus are in LD, markers’
alleles act as informative proxies of allelic variation in the causal loci. The degree of linkage
between phenotypic values and genotypic frequencies at any given marker allows the mapping
of phenotypes to genomic regions.
However, quantitative phenotypes, those whose values are continuously distribute, are often
polygenic, having several loci involved in its variation (Lynch et al., 1998). For a quantitative
trait, many Quantitative Trait Loci (QTL) can be found, establishing a range of complexity
in their regulation. Many situations exist, from polygenic additive traits, where many genes
participates each one with small effect, oligogenic traits, where few genes determine most of
phenotypic variation, to complex traits where major effect genes are interacting with each other
and with minor effect genes (Collins, 2007, and figure 1.1 ). To unveil the genetic architecture
of complex traits, it is necessary to account for as much genotypic and phenotypic natural
variation as possible, and several strategies have been developed to extract the most from
quantitative trait loci (QTL) mapping assays.
Experimental populations have been and are being designed and studied to improve QTL
mapping in terms of power, effect size and resolution (Mitchell-Olds, 2010; Bergelson and Roux,
2010). Briefly, different experimental populations differ in their properties for QTL mapping.
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Figure 1.1: Representation of gene effects over a quantitative trait (reproduced from Collins
(2007)). A quantitative trait can be affected by many genes with low effect (polygenes), or
regulated by few genes (oligogenes) with intermediate effects or regulated by few genes with
major effects. The categories are not disjoint, meaning a quantitative trait can be polygenic
but with few genes having major effects and others at intermediate to low effects.
The key factors are the amount of genetic variation in the population, the type and number
of genetic markers available to assess such genetic variation, and the possibility to calculate
recombination frequencies between markers, markers-putative loci and the association between
phenotypes and either markers or causal loci (Korte and Farlow, 2013; Weigel, 2011).
The next two sections of this thesis briefly introduce mapping populations that have been
used in this research, and the statistical methods applied to them for genotype to phenotype
mapping.
1.3.1 Experimental populations for Quantitative traits mapping
Experimental populations have been designed to study quantitative genetics of quantitative
traits (see reviews by Weigel (2011); Bergelson and Roux (2010) and figure 1.2). They range
in complexity, genetic diversity and population structure.
Family-based designs are biparental and multiparental crosses, with little population struc-
ture and low genetic diversity, whose genetic distances can be calculated from recombination
frequencies. Tipically, 6-8 generations after crosses can be reproduced by selfing to generate
“immortal” populations, also called pure lines, that do not change their genotype through
further generations due to being isogenic lines, i.e genome-wide homozygous.
Population-based designs are natural diversity populations, with larger genetic diversity but
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potentially important population structure. Recombination frequencies are difficult to measure
(Stumpf and McVean, 2003), but genome-wide association is feasible when the marker-based
genetic or physical map has been calculated in advance (Mitchell-Olds, 2010; Ambrose and
Purugganan, 2013). The most relevant types of populations are briefly described in this section
and reviewed at figure 1.2.
Biparental cross represents the simplest, and oldest kind of, experimental population for
gene mapping, so that most methods were originally elaborated for them. In a biparental cross,
two varieties differing in the trait of interest and in genotypic values for a set of molecular
markers, are crossed to produce a filial generation, F1. Parentals are ideally genome-wide
homozygous inbred lines, so F1 generation is genome-wide heterozygous for all those loci that
differ between parentals. Therefore, F1 genotypes and phenotypes should be similar to each
other, unless any of the parentals had any segregating alleles.
Successive crosses or selfing can be done from the F1, to yield F2, F3, ... generations.
When crossing individuals from same generation, new combination of extant alleles at multiple
segregating loci are appearing in the population. In addition, recombination events “shuffle” the
genomic blocks between crossovers, i.e haplotypes, getting smaller each generation. The effect
of recombination in population genetics and evolution is a difficult core concept, the reader is
encouraged to see classical and fundamental research like Smith (1978),Felsenstein (1974), Crow
and Kimura (1965) or Webster and Hurst (2012) and references therein. If subsequent crosses
are done with a parental line, i.e. backcrosses, the population results in introgression lines with
genomic pieces of a parental into the genetic background of the other. Finally, from the F1 or
after several generations of intercross or backcross, four or five generations of reproduction by
selfing and single seed descent, in self-compatible species, or sibling mating, in self-incompatible
species, generates Recombinant Inbred Lines (RILs). RILs eventually become nearly genome-
wide homozygous (although some residual heterozygosity may remain) and therefore “immortal
populations”, i.e their genetic is fixed assuming no mutation and no contamination. RILs’
genetic stability allows for successive stages of phenotyping the same line, as well as having
multiple replicates of genetically identical individuals. The methods for QTL mapping in
biparental populations will be reviewed in the section 1.3.2 .
On the other hand, populations of naturally occurring varieties are also useful for mapping
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purposes. In Arabidopsis, due to selfing as a common way of reproduction (Charlesworth and
Vekemans, 2005; Tang et al., 2007), local varieties are identified as ecotypes, being already
genome-wide homozygous and thus equivalent to RILs (Weigel, 2011). Ecotype populations
have the advantage of bearing more allelic and phenotypic diversity than crosses, at the same
time that the number of historical crossovers is higher than in populations derived from a single
cross. A drawback when analysing ecotypes is that the crossovers location cannot be placed,
at least not as easy as in controlled crosses (Stumpf and McVean, 2003). For that reason,
the original methods of QTL mapping cannot be used and “genome-wide association studies”
(GWAS) is the appropriate tool instead (see section 1.3.2).
Although, ecotypes are expected to have a high allelic diversity, it is also expected that most
phenotypic variation is due to “common alleles”, that is, several alleles are in high frequencies
in the population (Gibson, 2012). However, it is also common to find “rare alleles” variation,
i.e. many variants exist for a single locus in the population (Gibson, 2012). In addition, nat-
ural populations have several kinds of population structure (Astle and Balding, 2009). More
specifically, population structure refers to a population having nested sub-populations with dif-
ferent allele frequencies due to restricted gene flow, i.e non-panmictic populations. Kinship, or
family-related population structure, refers specifically to clusters of individuals having common
alleles at many markers due to “Identity by Descent” (IBD), meaning that they share common
parents back in the population history. Cryptic relatedness refers to the presence of close rela-
tives even when the sample has been designed to contain non related individuals or ecotypes.
According to Astle and Balding (2009), all population structure categories are based in the
concept of “an unknown and unobserved pedigree” (Astle and Balding, 2009). The effect of
population structure in QTL mapping is an increased rate of false positives in comparison with
experimental crosses. Another kind of population structure is due to selection and drift, that
make that markers and QTLs can be in linkage disequilibrium at far distances even if markers
in between are not linked, sometimes can be found between markers in different chromosomes
(Zhang et al., 2002). The consequence is that QTL detection power and resolution is potentially
limited by population structure (Patterson et al., 2006).
Multiparental crosses are in the midpoint between biparental crosses and natural popula-
tions in several aspects (Darvasi and Soller, 1995). They are designed to have higher variation
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than crosses, that depends on the number of founder individuals and the natural variation
between them. At the same time, parentals are crossed for several generations , so the cumu-
lative number of crossovers breaks parental haplotypes in smaller sizes. The crosses eliminates
far distance linkage disequilibrium due to selection. Some examples of multiparent crosses
are: Multiparent Advanced Generation Intercross (MAGIC)(Kover et al., 2009), Advanced In-
tercross Recombinant Inbred Lines (AI-RIL) (Balasubramanian et al., 2009) and Arabidopsis
Multiparent Recombinant Inbred lines (AMPRIL) (El-Lithy et al., 2004; Huang et al., 2011).
In multiparent crosses, genetic markers genotypes cannot be assigned immediately to a
parental as in biparental populations, yet, imputation methods can be performed to assign a
probability for a marker coming for a specific parental (Broman, 2012; Zheng et al., 2014).
Multiparental crosses, albeit requiring complex statistical methods for QTL mapping, fix most
of the drawbacks of biparental crosses and natural populations while maintaining a certain
level of their advantages (Kover and Mott, 2012). Several Arabidopsis multiparental crosses
are available, being the most widely used AMPRIL (El-Lithy et al., 2004) and MAGIC (Kover
et al., 2009). In this thesis the MAGIC population will be used being a cross of 19 parentals,
intercrossed for four generations and selfed for 6 generations (Kover et al., 2009).
In general, biparental crosses allow an initial mapping of traits, while natural populations
are capable of more precise mapping (Kover and Mott, 2012; Keurentjes et al., 2011). However,
natural populations have high proportion of spurious association, i.e. false positives, that do
not occur in biparental crosses. Multiparental crosses put together the best properties of both
kind of populations, amount of natural variation and fine mapping, and reduce the population
structure that drives to high false positive rates (Kover and Mott, 2012).
1.3.2 Quantitative Trait Loci mapping
The fundamental technique for Quantitative Trait Loci (QTL) mapping consists in the statis-
tical association between genetic variation, i.e. alleles of a polymorphic molecular marker, to
quantitative phenotypic variation. Very briefly (see Broman (2001),Zou and Zeng (2008) and
Hayes (2013) for detailed reviews), a normally distributed phenotype is split in groups accord-
ing to alleles in a polymorphic locus, e.g biallelic Single Nucleotide Polymorphisms (SNPs). If
the loci being tested has any effect on the phenotype and different alleles in the population
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(a) From (Weigel, 2011) (b) From (Bergelson and Roux, 2010)
Figure 1.2: Schematic description, from (Weigel, 2011) and (Bergelson and Roux, 2010), of
experimental populations for Quantitative Trait Loci mapping. F2 is the result of a biparental
cross into a F1 generation and second step of crossing F1. Subsequent crosses, from F2 to
F3 and so on, would accumulate recombination events while the heterozygosis would be the
expected from Hardy-Weingberg equilibrium. Introgression lines result when F1, F2, etc. are
backcrossed repeatedly with one of the original parentals. If anyFn generation is reproduced
by selfing and single seed descent, it becomes (nearly) genome-wide homozygous producing
Recombinant Inbred Lines (RILs). Heterogeneous Inbred Families (HIF) are a subset of RILs
with residual heterozygosity for a small region, being near isogenic lines (NILs), except for that
region. They are useful for QTL confirmation and fine mapping. Advanced Intercross Lines
(AIL-RILs) are originated as RILs, but instead of selfing and single seed descent from F1 or F2,
several generations are intercrossed, generating more mosaic genomes from both parents and
later are selfed to obtain RILs. Multiparent lines, like MAGIC or AMPRIL, uses the Advanced
Intercross approach with multiple parents, tipically 6 or 8 but MAGIC used 19, so increase the
genetic diversity at the time that build genetic mosaics of many parentals, e.g each MAGIC line
has genomic pieces of 9 parentals in average. Finally, natural accessions, plants collected from
their original location and environment represent the most variable set, however, recombination
frequencies are not possible to calculate, so that specific methods for QTL mapping has been
developed for them.
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are associated to variation in the phenotype, the phenotypic values would be split in a mixture
of normal distributions, whose “effect size”, i.e. distance between means, is proportional to
the loci effect on the phenotype (Zou and Zeng, 2008). On the contrary, if such a locus has
no relationship with the phenotype, the mixture of distributions results in a low difference of
means. The significance of such difference in means is measured by Likelihood Ratio or F-test
p-values and indicates whether the locus is associated with the phenotype or not.
The key concept in QTL mapping is linkage (Falconer and Mackay, 1996; Lynch et al., 1998;
Astle and Balding, 2009, and figure 1.3). Two genes, markers or any other DNA elements are
linked when they are close in the genome, so few recombination events occurs between them.
On one hand, if two elements are linked, the recombination rate between them translated to
genetic distance in centiMorgans (cM) as 1 cM = 1% recombination rate (Kosambi, 1943). On
the other hand, in a population and after estimating the recombination rate between flanking
markers, the probability of an allele in a close locus can be calculated from the allele at the
linked marker (Broman, 2012). However, even if the recombination rate cannot be calculated,
as in natural ecotypes, a marker can still act as a proxy for phenotypic effects of linked locus
(Astle and Balding, 2009).
Figure 1.3: Reproduced from (Astle and Balding, 2009). Diagram representing the linkage and
linkage dissequilibrium between genetic elements, e.g genes and markers. Linkage Dissequib-
rium results in genetic correlation between markers and gene-markers genotypes, so acting as
proxies of each other. The statistical association between a non-causal marker and a phenotype
can represent the causal action of a genetic element nearby.
The nature of experimental populations impose the use of different techniques for QTL map-
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ping purposes Weigel (2011); Bergelson and Roux (2010), and the most common are described
hereinafter.
Biparental Cross population
In biparental cross populations the hypothesis tested is whether a Quantitative Trait Locus is
present and linked to a testing marker in the population under analysis (Haley and Knott, 1992).
Genotyped markers can be scanned individually (Haley and Knott, 1992; Lander and Botstein,
1989), or can be the scaffold to build pseudo-markers, i.e artificial markers genotyped according
to the recombination frequency between neighbouring markers (Knapp et al., 1990; Knapp and
Bridges, 1990). These pseudo-markers allow to apply Interval Mapping tools (IM) (Jansen and
Stam, 1994). In Interval Mapping, several intervals can be tested simultaneously by a technique
called Composite Interval Mapping (CIM) (Zeng, 1994; Jansen and Stam, 1994). Similarly,
complex QTL models can be fitted using several markers, or pseudo-markers, simultaneously
as cofactors, the technique is called then Multiple QTL Mapping (MQM) (Zou and Zeng, 2008).
The core of these techniques is that recombination rates can be calculated, and the probability
for the genotype of unobserved markers can be estimated (Broman, 2001), given that a markers
genetic map has been built in advance.
The significance of a QTL model is assessed by a threshold on the p-value or “Log of Odds”
score (LOD score) for the test (Van Ooijen, 1999). Generally either a fixed LOD score is chosen
as threshold, or a permutation test is performed (Churchill and Doerge, 1994; Doerge and
Churchill, 1996).
Natural Ecotypes population
As it has been stated, QTL mapping methods for biparental crosses strongly rely in the abil-
ity of calculating recombination frequencies (Doerge, 2002). This approach is not possible in
natural populations, where alleles from many origins have been mixed for many generations
(Balding, 2006). The approach generally taken in such populations is the so called Genome-
Wide Association Studies or GWAS (Bush and Moore, 2012). The rationale behind GWAS
is that it exploits the linkage disequilibrium between markers and causal QTLs (Astle and
Balding, 2009, and figure 1.3). For this reason, GWAS is also called Linkage Disequilibrium
mapping. The main difference is that models cannot be weighed by recombination probabilities
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between markers, so that only actual markers, rather than pseudo-markers, can be tested as
proxies for causal QTLs by means of Analysis of Variance test or non-parametrical versions
of it (Hayes, 2013; Balding, 2006; Lazzeroni, 2001). A test is calculated to each marker, i.e.
“a genomic scan”, resulting in a set of p-values for each one. Since markers are arranged in a
map, p-values also do it, and plots, called Manhattan plots, assist visually to detect peaks close
to potential QTLs. To accept a peak as a potential QTL is not enough to assume a 5% sig-
nificance, so corrections such Bonferroni correction (Korte and Farlow, 2013), False Discovery
Rate correction (Benjamini and Hochberg, 1995) or Genomic inflation factor (Yang et al., 2011)
have to be applied due to multiple testing. These corrections are needed to avoid spurious false
positives and they are calculated on the p-values resulting after test. In addition, population
structure correction and other factors can be added to the models to remove their effect during
the modelling stage.
Multiparent Crosses Population
In multiparent crosses different strategies can be used according to peculiarities in each specific
cross (Darvasi and Soller, 1995; Cavanagh et al., 2008). For Arabidopsis AMPRIL population,
Huang et al. (2011) chose 8 founders from different regions and crossed them pairwise, thus
obtaining 4 two-way hybrids. Diallel crosses between these hybrids resulted in 6 four-way “F1
crosses” (Huang et al., 2011). Each cross were selfed to F5 resulting in 532 lines.
For Arabidopsis MAGIC population (Kover et al., 2009), the strategy is intermediate be-
tween biparental and natural populations. The 19 parentals (from Gan et al. (2011)) were
crossed in a way that parents and “daughters” could not be tracked to calculate Identity by
Descent probabilities. However, a “Hidden Markov Model” algorithm was used to find the most
probable parental of origin for each marker in each individual, based on neighbouring markers
(Mott et al., 2000; Zheng et al., 2014). At the end of the algorithm, the markers has the name
of the parental-of-origin as alleles for each individual. Genomic scan test each marker sequen-
tially for phenotype to genotype association, being a GWAS-like strategy. However, instead of
grouping the population in two groups, one for each SNP allele, it is split in 19 groups, one
for each parental of origin, and one-way ANOVA is performed. In such way, the parental with
highest influence in the phenotype can be found in a posteriori analysis.
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Mitchell-Olds (2010) review a comparison of methods and results obtained by Atwell et al.
(2010), using GWAS in a natural population, and Kover and Mott (2012), using MAGIC,
for history-life traits. Other publications have explored the use of multiple populations for
natural variation QTL mapping in Arabidopsis, e.g Simon et al. (2008) (5 RILs populations
with consensus SNPs for flowering time, rosette size and fitness as seed production), O’Neill
et al. (2008) (6 RILs populations with genetic maps aligned to markers physical position for
flowering time and seed lipids). Brachi et al. (2010) studied a comparison of QTL mapping for
flowering time using a set of biparental populations and GWAS on natural population.
1.4 High throughput phenotyping
Plant characterization in terms of morphometric, physiological or molecular phenotypes has
traditionally required many manual procedures that are labour intensive, time-consuming and
involve destructive sampling of individuals and organs. With the development of genotyping
and gene transformation technologies, phenotyping became a “bottleneck” that delays the
performance of screening and gene discovery studies. However, techniques that utilize cameras
and sensors to measure the physiological status, the morphometric variables and several other
traits have been developing during the last decade (Houle et al., 2010; Furbank and Tester,
2011; Pieruschka and Poorter, 2012; Rahaman et al., 2015).
Those tools are being mounted on robotic devices able to handle individual plants, or trays,
along their life cycle, i.e “from seed to seed”, under controlled greenhouse conditions (Dhondt
et al., 2013; Brown et al., 2014; Granier and Vile, 2014). The results are phenotyping devices
able to support large plant populations, at controlled conditions, and tracking plant features
dynamically, i.e. individual time series, non-destructively and in a high-throughput manner
(Sozzani et al., 2014).
The kind of sensors in use in phenomics, the art of high-throughput phenotyping, are mainly
imaging sensors, i.e. chips containing an array of light sensors able to digitally image a scene
in one or several wavelengths (Granier et al., 2006; Jansen et al., 2009; Arvidsson et al., 2011;
Zhang et al., 2012; Tisne et al., 2013; Dhondt et al., 2014). Examples are fluorescence, Far-
Infrared (FIR), Near-Infrared (NIR), multi-spectral and hyper-spectral cameras, and the tradi-
tional visible spectra cameras (RGB from red-green-blue). Each wavelength is potentially able
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to describe one or several properties of plants. Fluorescence, together with so-called actinic
light, i.e. photosynthetically active, and flash pulses provides information of photosynthesis
related pathways. Far-infrared light emission by plant is a measurement of temperature that
may be correlated with drought and salt stress, as well as biotic damage by pathogens Humpl´ık
et al. (2015); Rahaman et al. (2015); Rahman et al. (2015).
From RGB measurement two sources of information can be obtained. On one hand, colour
is collected from light intensity at visible spectra coded as the combination of red, green and
blue intensities. Colour helps to investigate aspects of plant physiology since many processes
have marked colour changes, e.g pathogen attack on leaves turns in colourful structures with
identifiable shape, chlorosis or senescence (Mutka and Bart, 2015). On the other hand, RGB
images allow studying plant mophological structure at different levels (Furbank and Tester,
2011; Brown et al., 2014). There are studies where the whole plant structure is studied, or
just part of them like roots, leaves, rosettes (Dhondt et al., 2013; Chen et al., 2014; Granier
and Vile, 2014; Sozzani et al., 2014). Plant images permit the measurement of morphological
traits in the pictures generated. The advantage is that pictures can be saved for later analysis.
Measuring leaves or any other part of the plant manually is a slow and labour-intensive, and
sometimes destructive, procedure. Therefore, the possibility of measuring leaves or rosettes
using images, allows an increase in the number of samples, the use of non-destructive procedures,
and calculation of novel metrics that were not pre-planned or that only can be obtained from
digital (quantized) objects . In addition, pictures can be taken at several time points, and the
range depends on the automation degree, e.g. FIR images can be taken at a range of seconds
or minutes, while RGB pictures of many plants can be taken everyday or several times per day.
1.4.1 Computer Vision - Image Analysis of Arabidopsis rosettes
The automation of plant imaging for phenotyping typically results in huge amount of images.
It is possible to take manual measurements on a selection of them, but to extract most of
their information is intractable by non-automated methods. Image Analysis by methods of
Computer Vision allows quantification of traits of interest in a automatic or semi-automatic
manner. For Arabidopsis rosettes, at the time of this project was started, several software tools
were available as sub-products of research projects and commercial phenotyping platforms.
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Initially, plants need to be extracted from pictures as image objects, a process called seg-
mentation. As examples, Lemnatec High Througput Phenotyping (HTP) device includes the
software LemnaGrid that allows users to implement image analysis pipelines for segmentation
of plants. Klukas et al. (2012) implemented a set of image processing pipelines for Arabidopsis
rosettes, maize and other crop shots, called Integrated Analysis Platform (IAP) that extends
and organizes LemnaGrid methods. The Donald Danforth Plant Science Center has adapted
the library OpenCV (Bradski, 2000) to plant computer vision purposes, with special emphasis
in Lemnatec derived images, calling it PlantCV Fahlgren et al. (2015a). Other plant image
processing tools are HTPheno (Hartmann et al., 2011), TraitCapture(Brown et al., 2014, work
in progress) and Phenotiki (Minervini et al., 2017) among others. Finally, some software tools
dedicated to plant rosettes are Rosette Tracker (De Vylder et al., 2012) and Phytotyping4d
Apelt et al. (2015). Rosette tracker is a tool for rosette segmentation and analysis of colour,
fluorescence and temperature. It describes rosettes shapes by using their Area, Diameter,
Stockiness (roundness), Relative Growth Rate and Compactness. Phytotyping4d is optimized
for 3D light-field cameras (Raytrix GmbH) allowing to separate and identify leaves in the image,
allowing more specific set of parameters to study.
General purpose software is also extensively used in plant phenotyping, Matlab (MathWorks,
2009) and ImageJ (Abra`moff et al., 2004) being the most popular. These programs have the
advantage of allowing the design of specific scripts and pipelines for specific questions, as well
as design or application different methods to study different (computational) problems in plant
biology, e.g counting leaves, measuring petiole length, identifying leaves tips, generate complex
shape metrics as “shape context”, angles, etc..
Recently, some effort has been done in using RGB cameras to describe leaves without cutting
them off the plant. This requires the segmentation of the rosette, and later to split the rosette
in leaves, even if they are overlapping. This task is not easy, and international collaborations
are still ongoing, like the Leaf Segmentation Challenge at the Computer Vision Problems in
Plant Phenotyping conference. Recent methods in this field are Minervini et al. (2014); Pape
and Klukas (2014); Giuffrida et al. (2015).
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1.4.2 Morphology measurements
Morphometry is a key topic in biology, since shape is a significant factor to study how species
adapt, evolve, function in their environments and also for biological classification and taxon-
omy. However, a biological definition of shape is still absent in the literature. Mathematicians
define shape as the geometrical information that remains when location, rotation and scaling
is removed (Kendall, 1984; Claude, 2008). Under this definition, two shapes are equivalent if
a set of translations, rotations and scaling operations can be found so that one shape can be
transformed in the other. However, the latter definition is not enough for non-rigid, deformable
objects whose shapes being alike cannot be found equivalent by rigid transformations. The
formal study of such non-rigid objects and its properties lays on the realm of mathematical
topology (Mardesˇic and Segal, 1982). Fortunately, other methods have been built to compare
shapes of objects by the incorporation of statistics.
Generally, evolutionary, developmental biologists and paleontologists, among others, utilize
the tools of geometrical morphometrics to formally compare biological structures that devi-
ates through time by different growth rates, in what is called allometric growth (Zelditch et al.,
2012; Small, 2012, for review of methods). The foundations of Geometrical Morphometrics were
initially proposed by D’Arcy Thompson (Thompson et al., 1942), and developed through the
work of Bookstein (landmarks),Rohlf (biometrics), Kendall (shape spaces), Klingenberg (fluc-
tuating symetry, evo-devo and QTL for shape) and many others along XX century (Zelditch
et al., 2012) . The power of Geometrical Morphometrics relies in the definition of landmarks,
homologous points in the classical biological sense, that can be found in all the specimens
in the sample. Distance functions to measure shape similarity between objects and perform
statistical comparisons have been developed such as the Procustes distance, i.e. a metric on
distance between landmarks, among others. The use of images is fundamental in geometrical
morphometrics, to be able to compute positions in a common framework and distances, so
software to analyse such images, by manually placing landmarks has been developed, like Mor-
phoJ (Klingenberg, 2011), TPS (Rohlf, 2015) and IMP (Sheets, 2003). Automatic placement
of landmarks (Iwata, 2012) is only feasible in a few specimens and controlled conditions, using
the so called pseudo landmarks. The ability of finding landmarks automatically in plants would
represent a enormous improvement in automatic phenotyping of organisms.
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For objects without clear criteria to assign such landmarks, like plants in general, some other
methods have been developed by modelling the outline of objects, such as SHAPE software
(Iwata and Ukai, 2002), e.g. elliptic Fourier descriptors for biological shapes such as petals
(Yoshioka et al., 2004) or leaves and leaflets (Chitwood et al., 2012, 2013a).
Another set of methods to describe and calculate shapes is digital geometry. In 2D and 3D
digital geometry, objects’ geometrical properties are modelled as a set of features. A type of
those features are shape descriptors that either measure the departure from an expected geom-
etry, e.g roundness as departure of a circle, or condense the spatial structure of an object into
scalar or vector-valued metrics (Nixon and Aguado, 2012, chapter 7;Zhang and Lu, 2004). Such
methodology has been used mostly for object retrieval in computer vision with the objective
of recognizing objects in a image by comparison with an array of structural properties of such
objects in other images after a statistical learning process. The idea is to generate a statistical
multivariate model that defines a certain object by their shape metrics, accepting that not all
the information can be capture by a single metric, and also that any of those descriptors provide
an accurate measurement. However, the joint and conditional distributions of the multivariate
feature space has proved useful for this image retrieval.
Camargo et al. (2014) proposed a set of shape descriptors to analyse Arabidopsis rosette
morphology. These are global, whole-organ, measurements based on 2D distribution of pix-
els. These descriptors were originally implemented in the LemnaGrid software, but their work
opened the formulas and algorithms for being used independently of such platform. The ap-
proach in this thesis is to use the descriptors proposed by Camargo et al. (2014) as rosette
morphology measurements. In the appendix A, a succinct description of the shape descrip-
tors use in this thesis is provided together with their rosette descriptive value and a short
introduction to digital imaging.
1.5 Thesis purpose, background and structure
Observations on natural variation of Arabidopsis thaliana juvenile plants, from seedlings to
flowering, suggest that each ecotype has a defined rosette developmental pathway. Although
the rosette habit of different ecotypes has a different aspect, it remains similar between plants
from the same ecotype. This suggests genetic control of the developmental route during the
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juvenile establishment. Rosette aspect differs generally in the size of leaves, showing differential
allometric growth between several parts of the leaf. As examples, some accessions display long
leaf blades, by longitudinal growth rather than sagittal, while others are near isometric, i.e
rounded. Some accessions have long petioles, connected either to long or short blades, that can
be measured by the blade length over petiole length ratio. Leaves can have serrate margins,
curvatures, etc.
Current research on leaves shape has found many genetic determinants for traits like leaf
roundness, blade/petiole lengths, leaf border complexity (Bar and Ori, 2014; Kozuka et al.,
2005; Tsukaya, 2004). However, no studies, to my knowledge, have made extensive use of overall
rosette description, although some studies has used whole-rosette measurements of projected
rosette area and compactness. Humpl´ık et al. (2015); Vanhaeren et al. (2015) and table 1.1
review recent works on Arabidopsis rosettes phenotyping. On the other hand, it is well known
that leaves development reacts in response to environmental variation in light, temperature and
others, e.g. Cookson et al. (2006); Hopkins et al. (2008); Mishra et al. (2012); Chitwood et al.
(2016) and a review by Tsukaya (2004), and it is expected that leaves and rosettes phenotypic
variation is affected by genetics x environment interactions.
In this thesis, I will explore natural variation in Arabidopsis thaliana rosette morphology
by quantifying shape descriptors from digital imaging. The research questions are whether
rosette morphology exhibit genetic variance and environmental variance, and the relative role
of both in the phenotype. Quantitative trait loci mapping will potentially help to determine
the genetic architecture of such complex trait, and generate hypotheses on potential candidate
loci coordinating genetics and environment effect for future research.
The thesis structure consist in three chapters with the results from the study of a natural ac-
cessions population by Genome-Wide Association mapping (chapter 2), a Recombinant Inbred
Lines from a biparental cross (Cape Verde Island x Argentat) by Linkage mapping (chapter 3)
and a Multiparent Advanced Generation Intercross (MAGIC) by association mapping (Chapter
4). A general discussion gathering common results and future prospect is provided at Chapter
5.
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Genome-wide Association of Rosette
Structure in a Natural Ecotypes
Population
2.1 Introduction
This chapter describes the genetic architecture of Arabidopsis thaliana rosettes morphological
traits as revealed by Genome-Wide Association mapping performed on a population of Natural
Ecotypes from a diverse range of North Hemisphere locations.
2.1.1 Genome-wide Association Studies - Generalities
Genome-wide association studies (GWAS) are a set of statistical genetics methods for relating
phenotypic variation to genotypic variation (Ingvarsson and Street, 2010; Ogura and Busch,
2015), whose ultimate goal is to elucidate the genetic architecture of complex traits (Bush
and Moore, 2012; Mitchell-Olds, 2010; Weigel, 2005). The technique requires a population
that exhibit extensive natural variation in the trait under study (Alonso-Blanco et al., 2009),
and it is designed to cope with individuals whose family structure has not been tracked, as
opposite to experimental cross and pedigrees. Population genetic diversity is captured by
molecular markers, usually Single Nucleotide Polymorphisms (SNPs), previously mapped in
the chromosomes (Hayward et al., 2014).
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GWAS tests for statistical association between molecular markers alleles and phenotypic
values, assuming that molecular markers are in Linkage Dissequilibrium with causal loci in
their vicinity (Astle and Balding, 2009; Brachi et al., 2011; Korte and Farlow, 2013, and figure
1.3). Linkage Disequilibrium (LD) refers to the phenomena of two loci having joint frequencies,
in a given population, that departs from expected frequencies in Hardy-Weinberg equilibrium
(Gupta et al., 2005; Falconer and Mackay, 1996). Linkage Dissequilibrium is measured as
a correlation-like coefficient between markers, equivalent to the common information shared
between them (Lazzeroni, 2001; Devlin and Risch, 1995). Thus, GWAS consists of test loci
across the chromosome, hence genome-wide, through the molecular markers genotyped nearby.
The power to detect loci-phenotype dependence through marker-phenotype association depends
on the extent of Linkage Dissequilibrium (Vos et al., 2016). LD decays with distance respect of
a given locus to “background levels”. If LD decay is low, therefore loci that are far remain in
LD, a causal locus is in LD with distant markers and they will be associated to the phenotype,
hindering the mapping resolution. On the other hand, if LD decay fast, haplotypes, i.e. genomic
blocks transmitted as a unit through generations in a population, become shorter and mapping
resolution is improved (Buckler and Gore, 2007). The optimum number of molecular markers
required to interrogate the whole genome at the resolution dictated by LD decay is specific for
each population, as it is for LD and LD decay (Korte and Farlow, 2013; Zhou et al., 2012).
In a experimental population whose individuals come from natural populations rather than
crosses, a certain degree of population structure exists. It may form clusters of closely related
individuals with recent common origin, so that few crossover has occurred in their chromosomes
making larger haplotypes and lower LD decay (Astle and Balding, 2009; Hayes, 2013). This
effect of population structure is related to inbreeding (Slatkin, 2008), and may be important
in high-selfing species, like Arabidopsis (Ohta, 1982; Long et al., 2013; Buckler and Gore,
2007). In addition, selection can favour LD between loci that are far apart, even in different
chromosomes, if they area advantageous in certain environment (Nielsen, 2005). In this case,
called phenotypic correlation (Searle, 1961), false positive associations are found since a locus
for a correlated trait shows as a potential QTL for the phenotype under study. In populations
that has suffered bottlenecks, genetic drifts may result in the similar issues.
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2.1.2 Genome-wide Association Studies - Calculations
The statistical procedure in GWAS is a whole-genome scan, marker by marker, applying an
hypothesis test, e.g. student T-test, Wilcoxon test, Analysis of Variance or Linear Mixed Mod-
els, and recording the probability value, i.e. p-value, of significance Balding (2006); Hayes
(2013). The use of Linear Mixed Models allows one to accommodate co-variables and variance-
covariance error structure in the models that account for population structure, preventing the
issues aforementioned (Zhang et al., 2010; Lipka et al., 2012; Tang et al., 2016). Also several
genetic models are available such as additive and dominant models. Population structure is
separated in a kinship matrix (VanRaden (2008) and Zhao et al. (2007, with a focus in the Ara-
bidopsis thaliana experimental population used in this chapter)), accounting for family-based
substructure (Astle and Balding, 2009), and a Principal Component Analysis-based set of vari-
ables accounting for markers variation Patterson et al. (2006); Price et al. (2006, 2010). Others
methods to account for population structure are available such as the software STRUCTURE
and its derivates (for a review, see Novembre, 2016, and references therein).
Markers significance values, p-values, are arranged by physical position of markers along
chromosomes in the so-called Manhattan plots. Generally, p-values are kept under a baseline,
while makers associated with the traits are arranged as peaks. According to LD decay, trait-
associated markers are sorted in peaks as broad as the number of markers in LD with potential
causal loci.
P-values need to be corrected for multiple hypothesis testing, so that the number of false
positives are reduced. The usual methods are the Bonferroni correction, considered too strin-
gent, and the False Discovery Rate (Benjamini and Hochberg, 1995).
2.1.3 Natural Ecotypes Population
Atwell et al. (2010) demonstrated the proof-of-concept of GWAS in Arabidopsis for 107 pheno-
types, mostly history-life traits, e.g flowering time, and resistance to pathogens (Mitchell-Olds,
2010; Korte and Farlow, 2013). It can be claimed that Atwell’s population had been designed
to have enough genetic diversity and an appropriate number of genetic markers to success-
fully perform GWAS. In addition, the population has been sampled from the whole range of
natural location of Arabidopsis in the North Hemisphere. For this reason, this population
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was chosen for an initial approach to determining the genetic architecture controlling rosettes
structure. It is expected that this population shows a representation of the phenotypic space
for rosette structure, as well as variation in relevant loci that control the traits. The history of
the population’s development is briefly presented together with relevant information about its
characteristics.
The development of this population has been summarized at Gregor Mendel Institute Github
wiki (Seren, a). It was initiated by Nordborg et al. (2005) for the 1001 genomes initiative (Weigel
and Mott, 2009) and was originated in two separate laboratories. At first, 96 accessions were
sampled in a collaborative effort by the laboratories of Bergelson, Kreitman and Nordborg
(Seren, b) with the purpose of genotyping the accessions, evaluate the potential for studying
population structure and linkage dissequilibrium and the feasibility of performing Genome
Wide Association mapping in Arabidopsis. Nordborg et al. (2005) revealed extensive population
structure and isolation by distance in this population. Some subpopulations seems to be mixed,
so that some alleles are shared between far-located populations. Nordborg et al. (2002, 2005)
found that Linkage Dissequlibrium in this population fall faster than expected, around 25kb, so
that marker density for GWAS studies should lie under 1 markers every 100kb (Aranzana et al.,
2005; Zhao et al., 2007). Authors concluded that for effective GWAS studies, the population
should rise around 1000 strains and 250000 SNPs, according to Kim et al. (2007) simulation-
based studies on tag-SNPs, so the number of false positive due to confounding population
structure is reduced (Zhao et al., 2007).
From these 96 accessions, the laboratories of Ecker and Weigel chose a set of “20 maximally
diverse” lines and re-sequenced with Perlegen technologies(Clark et al., 2007). Finally, Bergel-
son, Nordborg and Borevitz laboratories joined to generate a 250k Affymetrix genotyping chip
(Kim et al., 2007) that was used to continue genotyping 1307 accessions (Horton et al., 2012)
as the most recent resource in Alonso-Blanco et al. (2016). All available information about
these genotypes can be found at the web portal of ”1001 Genomes Project” 1.
This population has been used for GWAS studies by Atwell et al. (2010) and Li et al.
(2010) . Atwell’s studied 107 phenotypes on 199 accessions, 96 from Nordborg et al. (2005)
(the population used here) and 94 from Brachi et al. (2010) . Li’s paper studied flowering
time under various climate conditions in 473 partially in common with Brachi et al. (2010) and
1http://1001genomes.org/
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Atwell et al. (2010). Atwell and colleages measured 107 phenotypes related with plant growth,
resistance to pathogens, fruit size and shape, seed dormancy, etc. Their GWAS study found
”many common alleles of major effect” (Atwell et al., 2010) and candidate genes, selected
a-priori, were significantly over-represented in the associations found, together with others
whose interpretation as false or true association need to be validated, but authors realized that
complex genetics and population structure can influence as confounding factors. This paper
can be interpreted as a “proof of concept” that GWAS is feasible to search for candidate genes
in Arabidopsis (Atwell et al., 2010; Mitchell-Olds, 2010). The paper of Li et al. (2010), focus
on the dissection of natural variation in flowering time in 473 accessions planted in two green-
house simulated local climates from Sweden and Spain. Their results mapped to 12 Flowering
Time (FT) candidate genes, 4 of them located in the vicinity of known FT genes, and 8 novel
loci. Four out of these 12 genes correlated with the latitude of origin of the accession, and
allowed to study the fitness of optimal FT according to each season and location. Interestingly,
most QTL papers does not fully consider the interaction between environment and genetics
and the phenotypic plasticity of physiological, life-history and morphological traits. Atwell
and Nordborg (Sasaki et al., 2015) studied the effect of genetic and environment interaction in
173 natural inbred lines, showing that temperature interaction with FT is concentrated in a
0.5% of Arabidopsis genome, occurring in the 26% of the accessions. Kooke et al. (2015) found
that there is variation in plasticity itself between accessions, with QTLs for morphology and
plasticity overlapping, suggesting epistasis. A possible explanation for the variation in plasticity
in some accessions is that epigenetics, through DNA methylation, can buffer or enhance such
plasticity (Kooke et al., 2015) .
Nordborg’s population was chosen for a initial QTL scan through GWAS, given the positive
results achieved in previous publications.
2.2 Material and Methods
2.2.1 Population
The experiment used 94 of these globally distributed accessions (Map in figure 2.1). The table
2.2 presents accessions names, sampling locations, collector and NASC Number for the ecotypes
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used in this experiment. The SNPs genotyped for the 199 accessions, therefore including
Nordborg’s 96, can be obtained at Gregor Mendel Institute web 2, which is a link to the
genotypes used in Suzana Atwell’s publication (Atwell et al., 2010).
2.2.2 Experimental set-up
Natural Ecotypes seeds were bought at Nottigham Arabidopsis Stock Centre (NASC) and
bulked up in the Aberystwyth Botany Gardens. Forty to fifty seeds of each accession seeds
were sowed in single moist pots and kept in vernalization at 4◦C in a dark room for two days.
Pots were maintained for a week in a growth chamber to allow germination and then, seedlings
were pricked to single pots and moved to Lemnatec automatic phenotyping device. Pots were
conical of 6 cm diameter upper base and 5.50 cm height. They were filled with 60 grams of
Lenvington F2 + 20% grit/sand.
Growth chambers were set to 8 hours of light and 16 hours of dark; the greenhouse where
Lemnatec device is located, is under natural daylight conditions (around 9 to 10 hours daylight
in February 2015). Temperature in growth chambers and greenhouses were around 22◦C during
light time and 20◦C at night.
Five replicates from these 91 accessions were split in five randomised blocks, one replicate
from each accession in each block. Each block had 19 trays of 3x2 holes, where five pots were
placed and one empty for watering the tray floor. The device automatically pour water through
the hole up to a pre-set weight corresponding to an 80% field capacity.
2.2.3 Rosette structure phenotyping
Rosette morphological traits were calculated as Shape Descriptor from top-view digital im-
ages.Briefly, 2D zenithal digital images were taking from Arabidopsis seedlings rosette for 13
days (DAE or Days After Experiment start). Traits were organized as ’Shape Descriptor DAE’
as columns in data matrix, e.g Area on 2nd day as Area 2. Each row contains per-accession
mean values for each trait DAE, since most of GWAS software does not accept repeated mea-
surements on a genotype. Experiment lasted 13 days and 16 shape descriptors were calculated
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(a) World wide Location of 94 Natural Accessions
(b) Location of European 94 Natural Accessions
Figure 2.1: Geographical Location of the experimental population. 94 Accessions from North
Hemisphere and Cape Verde Island. Figure b focuses on European Accessions for better view.
Accessions Kas-2,CS22491 had no coordinates recorded.
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Figure 2.2: Example of Lemnatec 3x2 pots Trays. Top view image covering tray, holders and
conveyor belts. The GWAS experiment was performed in the Lemnatec device, using 5 plants
per tray. The pot hole at top-center position was left for automatic watering purpose, so all
plants are watered from the bottom.
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1. Projected Rosette Area - Area
2. Circumference - Perimeter
3. Boundary Points Count
4. Convex Hull Area
5. Convex Hull Circumference
6. Minimum Enclosing Circle Radius
7. Minimum Rectangle Area
8. Maximum Diameter - Feret Diameter
9. Compactness - Area
ConvexHullArea
10. Roundness - Circumference
2
Area
11. Boundary Point Roundness - BoundaryPointsCount
2
Area
12. Boundary Point Count to Area Ratio - BoundaryPointsCount
Area




15. Normalized Z Rotation 2nd Moment - Rotational Moment
16. Principal Axis Ratio
Table 2.1: Enumeration of Shape Descriptors calculated on Natural Ecotypes population
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NASC Number Accession Name Longitude Latitude Country Collector
N22603 CIBC-17 -0.6383 51.4083 UK Mick Crawley
N22612 Uod-1 14.45 48.3 AUT Marcus Koch
N22648 Ts-5 2.93056 41.7194 ESP Albert Kranz
N22614 Cvi-0 -23.6167 15.1111 CPV Albert Kranz
N22640 Mr-0 9.65 44.15 ITA Albert Kranz
N22571 Pna-10 -86.3253 42.0945 USA Joy Bergelson
N22582 Spr1-2 16 56.3 SWE Magnus Nordborg
N22584 O¨Mo¨2-1 15.7735 56.1509 SWE Magnus Nordborg
N22631 Gy-0 2 49 FRA Albert Kranz
N22642 Mt-0 22.46 32.34 LBY Albert Kranz
N22649 Pro-0 -6 43.25 ESP Joy Bergelson
N22616 Ei-2 6.3 50.3 GER Albert Kranz
N22604 Tamm-2 23.5 60 FIN Outi Savolainen
N22628 Br-0 16.6166 49.2 CZE Albert Kranz
N22565 RRS-10 -86.4251 41.5609 USA Joy Bergelson
N22591 Bor-4 16.2326 49.4013 CZE Jirina Relichov
N22638 Kas-2 #N/A #N/A #N/A #N/A
N22583 Spr1-6 14.1576 58.4173 SWE Magnus Nordborg
N22624 Yo-0 -119.35 37.45 USA Albert Kranz
N22645 Fei-0 -8.32 40.5 POR Carlos Alonso-Blanco
N22587 Ull2-3 13.9707 56.0648 SWE Magnus Nordborg
N22605 Tamm-27 23.5 60 FIN Outi Savolainen
N22634 Ga-0 8 50.3 GER Albert Kranz
N22581 V˚ar2-6 14334 55.58 SWE Magnus Nordborg
N22564 RRS-7 -86.4251 41.5609 USA Joy Bergelson
N22601 Sq-8 -0.6383 51.4083 UK Mick Crawley
N22569 Rmx-A180 -86511 42036 USA Joy Bergelson
N22577 Fa¨b-4 18.3174 63.0165 SWE Magnus Nordborg
Table 2.2: List of Natural Accessions used in the GWAS experiment
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. . . continued
NASC Number Accession Name Longitude Latitude Country Collector
N22635 Mrk-0 9.3 49 GER Albert Kranz
N22598 NFA-8 -0.6383 51.4083 UK Mick Crawley
N22617 Gu-0 8 50.3 GER Albert Kranz
N22589 Zdr-6 16.2544 49.3853 CZE Jirina Relichov
N22578 Bil-5 18484 63324 SWE Magnus Nordborg
N22611 Ren-11 -1.41 48.5 FRA Gerhard Ro¨bbelen
N22607 Kz-9 73.1 49.5 KAZ Ihsan Al-Shehbaz
N22644 Wa-1 21 52.3 POL Albert Kranz
N22590 Bor-1 16.2326 49.4013 CZE Jirina Relichov
Edi1 Edi-0 -3.16028 55.9494 UK Albert Kranz
N22595 Lp2-6 16.81 49.38 CZE Ivo Cetl
N22659 Ws-2 30 52.3 RUS Kenneth Feldmann
N22579 Bil-7 18484 63324 SWE Magnus Nordborg
N22656 Bur-0 -6.2 54.1 IRL D. Ratcliffe
N22597 HR-10 -0.6383 51.4083 UK Mick Crawley
N22580 V˚ar2-1 14334 55.58 SWE Magnus Nordborg
N22610 Ren-1 -1.41 48.5 FRA Gerhard Ro¨bbelen
N22574 Lo¨v-1 18079 62801 SWE Magnus Nordborg
N22570 Pna-17 -86.3253 42.0945 USA Joy Bergelson
N22602 CIBC-5 -0.6383 51.4083 UK Mick Crawley
N22627 Van-0 -123 49.3 CAN Albert Kranz
N22643 Nok-3 4.45 52.24 NED Albert Kranz
N22566 Kno-10 -86621 41.2816 USA Joy Bergelson
N22567 Kno-18 -86621 41.2816 USA Joy Bergelson
N22594 Lp2-2 16.81 49.38 CZE Ivo Cetl
N22618 Ler-1 10.8719 47984 GER Eric Holub
N22586 Ull2-5 13.9707 56.0648 SWE Magnus Nordborg
Table 2.2: List of Natural Accessions used in the GWAS experiment
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. . . continued
NASC Number Accession Name Longitude Latitude Country Collector
N22626 An-1 4.4 51.2167 BEL Albert Kranz
N22623 Ws-0 30 52.3 RUS Albert Kranz
N22619 Nd-1 10 50 SUI Eric Holub
N22625 Col-0 -92.3 38.3 USA Albert Kranz
N22650 LL-0 2.49 41.59 ESP Albert Kranz
N22637 Wt-5 9.3 52.3 GER Albert Kranz
N22655 Ms-0 37.6322 55.7522 RUS Albert Kranz
N22632 Ra-0 3.3 46 FRA Albert Kranz
N22636 Mz-0 8.3 50.3 GER Albert Kranz
N22653 Sorbo 68.48 38.35 TJK Igor Vizir
N22641 Tsu-1 136.31 34.43 JPN Eric Holub
N22613 Uod-7 14.45 48.3 AUT Marcus Koch
N22568 Rmx-A02 -86511 42036 USA Joy Bergelson
N22600 Sq-1 -0.6383 51.4083 UK Mick Crawley
N22615 Lz-0 3.3 46 FRA Albert Kranz
N22629 Est-1 25.3 58.3 RUS Albert Kranz
N22622 Wei-0 8.26 47.25 SUI Alan Slusarenko
N22647 Ts-1 2.93056 41.7194 ESP Albert Kranz
N22606 Kz-1 73.1 49.5 KAZ Ihsan Al-Shehbaz
N22609 Got-22 9.9355 51.5338 GER Gerhard Ro¨bbelen
N22652 Shahdara 68.48 38.35 TJK Igor Vizir
N22573 Eden-2 18177 62877 SWE Magnus Nordborg
N22575 Lo¨v-5 18079 62801 SWE Magnus Nordborg
N22658 Oy-0 6.13 60.23 NOR Albert Kranz
N22593 Pu2-23 16.36 49.42 CZE Ivo Cetl
N22620 C24 -8.42639 40.2077 POR Brigitte Damm
N22592 Pu2-7 16.36 49.42 CZE Ivo Cetl
Table 2.2: List of Natural Accessions used in the GWAS experiment
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. . . continued
NASC Number Accession Name Longitude Latitude Country Collector
N22621 CS22491 #N/A #N/A #N/A #N/A
N22630 Ag-0 1.3 45 FRA Albert Kranz
N22654 Kin-0 -85.37 44.46 USA Albert Kranz
N22576 Fa¨b-2 18.3174 63.0165 SWE Magnus Nordborg
N22596 HR-5 -0.6383 51.4083 UK Mick Crawley
N22585 O¨Mo¨2-3 15.7735 56.1509 SWE Magnus Nordborg
N22588 Zdr-1 16.2544 49.3853 CZE Jirina Relichov
N22633 Bay-0 11 49 GER Albert Kranz
N22639 Ct-1 15 37.3 ITA Albert Kranz
N22651 Kondara 68.49 38.48 TJK Igor Vizir
N22572 Eden-1 18177 62877 SWE Magnus Nordborg
N22599 NFA-10 -0.6383 51.4083 UK Mick Crawley
Table 2.2: List 94 of Natural Accessions generated from Nordborg et al. (2002, 2005) and used
in the GWAS experiment.
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Area is a measurement of the “Rosette Projected Area’, calculated in pixels but translated
to squared millimetres. Circumference measures the perimeter of rosettes in pixels and it is also
translated to millimetres. Similarly, Convex Hull Area and Circumference are measurements
on the minimum surface surrounding the whole set of rosette pixels that not have any curves
inward. Compactness is the ratio of Rosette Area over Convex Hull Area. Boundary point count
is a pixel count of the perimeter, usually a sub-estimation due to using an 8-neighbourhood
instead of 4-neighbourhood when choosing outer rosette pixels. Other measures of rosette
extension are the radius of Minimum Enclosing Circle, the Area of the Minimum Rectangle and
the maximum distance between rosette points, called Feret Diameter or Maximum Diameter
or Caliper Length. Maximum Diameter correspond to the distance between the two farthest
leaves tips.
As rosette morphology descriptors, several measurement of departure of a circle were calcu-
lated. Roundness measures the ratio between Area and squared perimeter. Roundness is also
calculated from Boundary Point count and the convex hull roundness from Convex Hull Area
and Convex Hull perimeter. Eccentricity is based in the statistical distribution of points, as
well as rotational moment. The principal Axis Ratio, is the ratio between the two axis of an
ellipse fitted to the rosette.
2.2.4 Image analysis
In order to calculate rosettes’ shape descriptors automatically from images,they need to be
processed using computer vision algorithms. Figure 2.3 illustrate the method used in this set
of images.
Images were analysed at Lemnagrid software (Lemnatec, Germany) with a custom designed
pipeline. The segmentation pipeline was split in three subroutines with complementary pur-
poses, represented at figure 2.3). On one hand, greens pixels were segmented by calculating a
grayscale image (IGray =
I2Green
IRed
) from a Median Filtered image ( Neighbourhood 11x11), and
applying a threshold (IGray > 65). This method was good enough to separate rosettes from the
background, however, pieces of bright paper, placed on pots border and barcode tags, remained
in the image and the blue tray holder stay as well . In order to remove the bright tags, a dif-
ferent grayscale image is calculated (I ′Gray = 0.33 · IRed + 0.67 · IGreen), now exaggerating the
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brightness of pixels, and a threshold keeping only “not very bright” pixels ( I ′Gray > 133). The
resulting “Black and White” mask was Dilated with a square structuring element (size 10x10)
for 5 iterations . A logical AND operation on the latter two mask provide a melted mask for
rosettes.
A third mask to filter out artefacts was made by actually masking the original image with
the rosette-blue holder mask. Regions of Interest (ROI), i.e. hand-positioned circles to roughly
determine plant position, were defined around each pot, so that blue holders remained out
of those ROI. The rosettes plus artefacts were filtered with a lowpass filter,e.g. a Fourier
transform-related filter that removes low frequency repetitions and blurs the image, (element
size 5x5 and 5 iterations) and then applying a K-nearest neighbours to classify green pixels and
remove black-brown ones. A final step was to filter out groups of pixels smaller than 100 pixels
that corresponds to little soil and stones artefacts. All these steps result in rosettes silhouettes
as final image.
Finally, the algorithm split the image in ROIs, as sub-images, and converted each rosette
into “image objects”, i.e a computer data structure that contains objects from an image and
its properties. The object conversion cares about keeping leaves that overlap a neighbour pot
into the original plant. Finally, for each rosette, shape descriptors are calculated and saved into
Lemnatec database associated to tray and position.
The described pipeline has, in general, a low False Positive Rate (artefacts classified as
plant), but often some yellow-brownish leaves disappear, counting as False Negative Rate.
Most of the descriptor are not strongly affected by this kind of small leaves missing.
2.2.5 Genome-wide Association mapping
GWAS mapping was performed using the software GAPIT as a package for R (Lipka et al.,
2012). The function GAPIT implements several versions of the linear mixed model. Our
choice was the “regular mixed linear model” instead of the more efficient “compressed mixed
linear model” or “P3D/EMMAx” (Zhang et al., 2010). This selection was motivated to avoid
a kinship-based clustering step in the compressed and EMMAx version (Tang et al., 2016; Yu
et al., 2005) that seemed to artificially increase the estimation of heritabilities (data not shown).
The model uses SNP alleles as fixed effect factors while correcting by population structure as
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(a) Lemnagrid representation of image processing pipeline. Every box represent a function on the
image. Boxes are connected representing a image processing workflow. The rosette is extracted from
the background (Rosette segmentation) and in parallel, bright pixels from reflective tags are selected
for removal. Bright paper is then removed from rosette segmentation and the resulting image is passed
to a pipeline that remove pots borders that remain from the first step. Independently, the blue holder
is classified in other pipeline and remove from the main resulting image. Finally, the rosette is the
only object in the images and is passed through steps for conversion into a computer data structure
needed for shape descriptor calculation.
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(b) Example of segmentation in the Natural Accessions Experiment. Every tray is processed in three
independent pipelines described in as described in a. First line shows the extraction of the rosette from
their surroundings with some pieces of pot plastic and bright tags. Second line shows the extraction
of bright tags and the intersection with the first line. The result is an image with rosettes, blue holder
and nuisance pieces of pots. The third line represent the blue holder removal and the combination
with the previous image to keep only the rosettes. Finally, rosettes are translated to a computer-
friendly data structure that allows the calculation of geometrical properties needed to calculate the
shape descriptors.
Figure 2.3: Example and description of Image segmentation. Panel a shows the workflow in
the software Lemangrid and panel b represent an instance of a processed image
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random effect. The algorithm, as we used, corrects the family structure by calculating a kinship
matrix K, and population structure by a marker-based Principal Components Analysis matrix,
Q (Patterson et al., 2006). The joint ’K+Q’ approach is claimed to improve statistical power
over the use of a single matrix approach (Lipka et al., 2012). For these analysis the latitude-
longitude sampling coordinates for each ecotype was included as covariables in the model.
The package returns a complete analysis of phenotypes, markers and the statistical asso-
ciation between them. It allows to check Linkage Disequilibrium decay, PCA and Kinship
Matrix as plots. Kinship matrix is represented as a heatmap with a dendogram for hierarchical
clustering.In addition, the software plots phenotypic variability and its distribution for each
phenotype. Association mapping is represented in Manhattan plots, that is, markers’ physical
position in chromosome against -log(p-value) (statistical significance of mixed model tests) and
a Quantile-Quantile plot that allows to evaluate if the model accounts correctly for population
structure (Korte and Farlow, 2013) and other covariates.
Numerical results include the determination coefficient, R2, of every model with SNP and
without it, corresponding to the full and null model, (Sun et al., 2010). P-values are reported
raw and after False Discovery Rate correction is applied. The substraction of those ’determina-
tion coefficients’ allow to calculate the percentage of explained variation by a SNP (Sun et al.,
2010).
GAPIT calculates the Kinship Matrix using Van Raden’s method (VanRaden, 2008). Prin-
cipal Component Analisys is performed by the function prcomp in R by applying Single Value
Decomposition(also called Q-mode PCA) (Zhao et al., 2007) on genotypic data. The PCA
method uses natural accessions as observational units, and provide a linear combination on the
markers’ genotypes as explanatory variables. Markers are coded as homozygous (values = 0,2)
or heterozygous(values =1), although ecotypes are considered as genome-wide homozygous).
The result is a set of Principal Components (set up as 20 PCs) with values for each natural
accession.
2.3 Results
Genome-wide Association studies results are strongly dependent on the chosen population and
its structure. Initially, an overview of rosette shape descriptors results is provide. An analysis
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of population parameters is provided before explore briefly some examples of GWAS results.
2.3.1 Phenotypic variation in size and shape descriptors
Our population shows visual and statistical phenotypic variation in rosette size and shape
descriptors. Figures 2.6 and 2.7 shows four accessions, Ag-0, Col-0, Cvi-0 and Ler-1, with their
replicates sort by ranking, according to Compactness values, (figures 2.4 and 2.5 and table 2.3).
Figure 2.6 contains the individuals on the second day of phenotyping and figure 2.7 shows the
same individuals, re-sorted by its ranking, on the 13th day of phenotyping. Rosettes from the
same accessions are visually similar and different between accessions, so high heritability values
are expected. Rankings by Compactness illustrates how the development extend the within
accession variation For example, Ler-1 replicates are all very close at 2nd day, but get more
sparse at 13th day. For Cvi-0, the development make them to pass from the 200th in the rank
(average value) at 2nd day to 80th at 13th day, and less disperse so more homogeneous values.
Figure 2.8 shows Rosette Area, Rosette Compactness and Rosette Roundness time series
for each plant, arranged by ecotype and with its mean value marked as a blue line and the
standard error of the mean in pink. Size descriptors, like Area and Perimeter, follows the
classical exponential or geometrical growth. However, shape-related descriptors time course is
non-monotonic, i.e do not have a constant slope, that makes it difficult to model across time
by simple curves. Due to that reason, a dynamic model approach is not followed, rather the
decision of keep every trait and day as a single phenotype for GWAS was taken.
The correlation between descriptors (Figure 2.9) reveals an organization in three groups.
A first group are size-related metrics accounting for Rosette area, maximum diameter (Feret’s
Diameter), and rosette coverage regions like convex hull area, minimum area rectangle area
and minimum diameter circle. Also several metrics of rosette border are in this group, these
are boundary points count, i.e raw count of number of pixels in rosette border, circumference,
i.e distance covered by perimeter using the value of “1” for contiguous pixels and “
√
2” for
diagonal pixels, and convex hull circumference. The second group include shape-related metrics








to area ratio (BoundaryPointscount
Area
), eccentricity, the ratio of the two principal axis from second
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Figure 2.4: Ranking of Natural Accessions population by Compactness at DAE 2. Ranking
of individuals. Colour represent accessions. Red = Ag-0;Green = Col-0;Blue=Cvi-0;Purple
=Ler-0. The average value is indicated by an arrow and accession name
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Figure 2.5: Ranking of the Natural Accessions population by Compactness at DAE 13. Ranking
of individuals. Colour represent accessions. Red = Ag-0;Green = Col-0;Blue=Cvi-0;Purple
=Ler-0. The average value is indicated by an arrow and accession name
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CHAPTER 2. GWAS Odin Moron Garcia
moments (the two latter are based in the point distribution of rosette pixels). The measurement
of roundness, calculated as Circumference
2
Area
is also a departure from circle, shape-related, metrics,
that present higher correlation with circumference than with other shape-related variables.
Generally, each roundness measurement correlates with the primary parameters used for its
calculation. Finally, a third group of measurements is compactness, Area
ConvexHullArea
, that does
not correlate with any other metric, and it accounts for how much the rosette is filling the
region it covers. Interestingly, compactness does not correlates with their primary metrics,
Area and Convex Hull Area, revealing that this ratio is not related with the size of rosette,
neither influenced by it (as roundness does). Compactness is very influenced by the size and
relative position of petioles, the closer the leaves, the more compact habit, and the longer
petioles the more loose habit.
The different degree of correlation between similar traits, e.g roundness measurements, indi-
cate that the different formulations captures rosette morphology in disparate ways. Therefore,
they are not redundant, but add several perspectives to the same information source, forming
all of them together a multivariate vector-valued shape metrics.
2.3.2 Kinship matrix
Four kinship matrices are shown at figure 2.10. Figure 2.10a represent the population structure
for the whole Atwell’s population, 199 ecotypes, at the full set of SNPs (21631). Figures 2.10b
to 2.10d show the population structure of our experimental subpopulation of 91 ecotypes. It is
calculated for the full set of SNPs, a subset of half of the markers equally spaced and a subset
of a fifth of the markers equally spaces.
The cluster distribution of the total population, 199, individuals shows a separate cluster
of the North American accessions, and two other identifiable clusters for the Central-European
and Kazakhstan-Tajikistan populations. In the 91 accessions subpopulations, those clusters are
even more apparent, either using the full set of SNPs or in any reduced version. These small
clusters in the population can be explained by spatial proximity in their original sampling
regions Specially those accessions that are subsamples of the same regions, e.g Zdr-1 and Zdr-2
coming from Zdar nad Zasavou in Czech Republic. Some clusters are nested into others, which
is indicative of family and cryptic structure (Astle and Balding, 2009) that need to be corrected
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(a) Logarithm Rosette Area along time
Figure 2.8: Shape Descriptors across time by Accession
Loess smoothing in blue and variance in pink. It is equivalent to mean values and standard
error of the mean.
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(b) Rosette Compactness along time
Shape Descriptors across time by Accession
Loess smoothing in blue and variance in pink. It is equivalent to mean values and standard
error of the mean.
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(c) Rosette Roundness along time
Shape Descriptors across time by Accession
Loess smoothing in blue and variance in pink. It is equivalent to mean values and standard
error of the mean.
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Figure 2.9: The four variables at top left are “Ratio Boundary points to Area”, “Convex Hull
Roundness”, “Excentricity” and “Excentricity from ellipse 2nd moments”. These four
variables describes the similarity between the object and an ellipse, with higher values for
ellipse-like objects, and smaller values for circle-like objects. This group correlate negatively
with all other variables, that has smaller values when the rosettes are more ellipse-like.
Compactness does not correlate with all the other variables.
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in the mixed model.
(a) Kinship Matrix of Natural Accessions population (199) from the full set of SNPs. The 199 acces-
sions populations shows modules of accessions according to its origin with submodules. The cluster at
bottom left is the American cluster, with accessions like Kno, Rmx or Buckhorn pass. Interestingly
the subcluster (red rectangle) contains the same accessions that outside the rectangle, suggesting two
overlapping populations. The second cluster at bottom left are accessions from Tajikistan, and the
third one from Sweden. Other Nordic accessions are in the little cluster in the middle of the dia-
gram, indicating population division. The clusters center-left of the picture correspond to groups of
European accessions, being the bigger square from Germany, Poland and Czech Republic.
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(b) Kinship Matrix of Natural Accessions subpopulation (91) from the full set of SNPs. The reduction
of the population from 199 to 91 accessions maintains the clusters observed in the subfigure a, without
representative change in the kinship matrix.
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(c) Kinship Matrix of Natural Accessions subpopulation (91) from the half set of SNPs. The reduction
to a 50% of the original amount of SNPs does not affect to the clusters corresponding to America,
Tajikistan and Sweden, but reduce the kinship between European accessions.
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(d) Kinship Matrix of Natural Accessions subpopulation (91) from the 5% set of SNPs. The reduction
to the 5% of the original set of SNPs does not affect to the kinship matrix regarding figures a,b and
c, so GWAS results would not be extremely affected by removing contiguous SNPs.
Figure 2.10: Four kinship matrix for 199 and 91 accessions using 216310 SNPs, 50% and 5%
(continued)
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2.3.3 Principal Components on markers
The Principal Component method to account for population structure was able to explain up
to ∼ 20% of variance for the 10 first PCs when using the whole set of markers in the complete
population. The first PC only explains around ∼ 4% of the SNPs variation and the first 20 rise
to ∼ 30% (figure 2.11a). When using 91 accessions and 5% of SNPs the first PC accounts for
∼ 6%, ∼ 30% for the first 10 PCs and rise to ∼ 42% for the first 20 PCs (figure 2.11b).
This results suggest that in spite of using almost half of the original population and using
only a 5% of the SNPs available, the genetic diversity is almost similar and enough for GWAS
mapping.
2.3.4 Linkage Dissequilibrium
GAPIT calculates LD between pairs of markers and return LD decay as a plot. Figure 2.12
illustrates the LD decay for the whole population (199 accessions, figure 2.12a) and our popu-
lation of 91 accessions (figures 2.12b to 2.12d) using 100, 50 and 5% of the whole set of 216310
SNPs. Average LD using the whole and half set of SNPs incurs in the problem of a slower
decay than previously published for this population, 10kb on average for the 199 accessions
(Atwell et al., 2010) and 50 to 250 kb for the 91 accessions (Aranzana et al., 2005). Plots
2.13a and 2.13b contain the LD decay at the chromosome 5 for the 91 ecotypes population
using the full set and the 5% set of SNPs. Plotting for each marker the distance to all markers
that are in LD (R2 > 0.2) provides a view of regions with larger LD and their extent. Thus,
these plots illustrate the idea that, for the case of 91 natural accessions, the LD decay extends
longer than 100kb in peaks concentrated in the centromeres and few other regions. When the
number of SNPs is reduced to the 5%, the LD decay is closer to the 10kb values, but the high
LD coldspots regions remains and have larger distance ( between 2.5E05 and 1E06 bp). The
extent of LD over 100Kb may strongly affect to the accuracy and ability to detect loci in this
region associated to any phenotype, resulting in a increased false discovery rate.
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(a) 199 Ecotypes and full set of SNPs
(b) 91 Ecotypes and 5%
Figure 2.11: PCA of SNPs variation
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CHAPTER 2. GWAS Odin Moron Garcia
2.3.5 Heritabilities
GAPIT estimate the genetic and environmental variance reporting them graphically. Broad
sense heritability is calculated as h2 = Vg
Vg+Ve
. The procedure is repeated for every trait before
GWAS is performed. Most size-related traits show high values of heritability (table 2.4), over
40% (yellow and red values) and generally decreasing through time. According to this, heri-
tabilities for size measurements are generally high enough to consider that these phenotypes
are repeatable within ecotype and that there is between ecotype variation.
Shape-related traits have, in general, lower heritabilities. Convex Hull Roundness, being a
more robust version of robustness, had heritabilities of 0 most days, although rising to values
up to 52%. Roundness, Convex Hull Roundness and Principal Axis Ratio are measurements
of departure from a circular shape that generally were more noisy, explaining their low heri-
tabilities. Some traits show high heritabilities of 100%. This values may be explained by the
presence of extreme mean values, either quite high or quite low. It does not mean that they
were outliers but simply values separate from the other accessions (for example the ecotype
Var2-6 in figure 2.14).
2.3.6 Genome Association Mapping
For all the Shape Descriptors and DAE combinations, no marker showed any significant positive
association with any phenotype. This was tested using the whole set of SNPs available, half
of the set and a 5% of them. Models were calculated with and without using latitude and
longitude geographical position as covariates . For the sake of brevity, not all those results are
presented here. What follows is a general description of results from selected examples.
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CHAPTER 2. GWAS Odin Moron Garcia
The trait Compactness 12 “Days After Experiment start” (DAE) illustrates the results of
GWAS modelling of this dataset. This trait has a very high value for heritability of 100%
although what follows is similar for traits with other heritability values. Figure 2.15 shows
Genome-Wide Manhattan plots and P-values Quantile-Quantile plots for this trait using the
whole (2.15a), and 5% of SNPs (figures 2.15b to 2.15d). For the model with the 5% of SNPs,
three versions were computed. The first used the kinship matrix, the PCA-based population
structure and geographical position as covariates. In the second, geographic location is removed
from covariates but both kinship and population structure are kept. The third model keeps only
the kinship matrix. The three models, for compactness 12 and for all the other traits, show no
peaks neither over the False Discover Rate threshold nor Bonferroni correction threshold in the
Manhattan plots. The highest p-value peak have FDR-p-values higher than 0.98, indicating
they are far from being significantly positive. Looking to their corresponding p-values Quantile-
Quantile plots, it is observed that all models are possibly over-corrected, since P-values are
under their expected values. However, removing geography and population structure from
covariates seemed to mitigate such overcorrection, although it is not enough. Correction for
family structure was needed due to the results observed in the section “Kinship matrix”, and was
kept in all models. For PCA-based populations structure, first 20 PCs account no longer than
40% of genetic variation, suggesting it inclusion in the model should be required. Removing
the Principal Component Analysis from the model correction slightly mitigate the effect but
the model is still over corrected. It is possible to conclude that phenotypic variation was not
distributed in such a way that any major or medium effect loci genetic variation captures its
variability.
In spite of the lack of significance, some chromosome regions in the Manhattan plots looked
as potential QTLs due to the distribution of p-values as peaks or “hills”, and were consistent
between days and even phenotypes.
To further explore this regions a “joint” Manhattan plot for all phenotypes was built as
follows. The p-values resulting from the model using only a 5% of SNPs with geographical
origin, kinship and population structure correction (“K+P”) were filtered over an arbitrary
threshold of 7. When Manhattan plots from all phenotypes are plotted jointly, it becomes visible
that certain SNPs are repeatedly at higher significance than others in their vicinity (Figures
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(a) Genome-Wide Manhattan plot - Full set of SNPs
(b) Genome-Wide Manhattan plot - 5% set of SNPs with
Geographical position correction and PCA-based population
structure correction
(c) Genome-Wide Manhattan plot - 5% set of SNPs with-
out geographical position as covariables but with PCA-Based
population structure correction
(d) Genome-Wide Manhattan plot - 5% set of SNPs and with-
out geographical position as covariables nor PCA-based po-
pulation structure correction
Figure 2.15: GWAS results for Compactness at 12 Days After the Experiment Start (DAE).
Genome-Wide Manhattan Plots (left) and Quantile-Quantile plots (right) for a) Analysis using
216310 SNPs; b-d analysis with 10806 SNPS but different correction models. All models include
kinship matrix as populations structure corrections.
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2.16a and 2.16b). A histogram-like representation of the number of phenotypes (frequency) with
-log(p-values) over 7 (figure 2.16b) indicates that some SNPs are hits for many phenotypes, for
example a SNP at the end of the chromosome 1 has a -log(p-value) >7 for more than 40
phenotypes. A threshold on frequency of >10 phenotpes has been chosen to suggest potential
QTLs for shape. That is, our suggested qShape are those SNPs with -log(p-value) over 7 in
more than 10 phenotypes (figure 2.16b).
In summary, the fact that phenotypes showing diverse trends along time and between ac-
cessions pinpoint statistical association to allelic variation in the same SNPs suggest that,
regardless the significance in this analysis, possible shape associated QTLs may exist in these
positions.
According to this procedure 8 possible QTLs were identified (Table 2.5). To further study
these regions, 8 intervals of 20kb (SNP position +− 10kb were formed. A search in TAIR9
annotated genome using bedtools intersect collect overlapping elements with such intervals (ta-
ble 2.6). The selection only included the categories “gene”,“pseudogene” and “transposable
element gene”. In total 52 genetic elements were retrieved from the annotated genome. The
AGI (Arabidopsis Genome Initiative) Identifier for genes is search in the TAIR9 bulk retrieval
server 3 and araport thalemine server 4. The search in TAIR ensure that the search is fetch in
TAIR9 scaffold, but Thalemine provides clearer curated gene descriptions. Both servers pro-
vided similar results according to AGI indentifiers (table 2.7) quoting whether they are genes,
pseudogenes or transposons and providing a brief descriptions that are printed in the table
. A visual inspection of those gene activity did not bring any apparent functional element
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(a) Joint Manhattan Plot for all pheno-
types and DAE. SNPs were filtered out
by a −log(P − value) > 7
(b) Count of the number of pheno-
types DAE where a SNP were over -
log(P-value) over 7. 8 SNPs showed
counts over 10, an arbitrary threshold to
consider them as possible QTL
(c) Dynamic View of QTLs P-value for each Phenotype
Figure 2.16: Selection of QTLs from SNPs with high significance for several phenotypes and
Days after Experiment started (DAE)
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QTL Chromosome Initial Position Final Position AGI Element Type
Qtl1 Chr1 24942187 24944497 AT1G66860 gene
Qtl1 Chr1 24945413 24945877 AT1G66870 gene
Qtl1 Chr1 24957557 24958114 AT1G66890 gene
Qtl1 Chr1 24959333 24961616 AT1G66900 gene
Qtl1 Chr1 24961633 24963946 AT1G66910 gene
Qtl1 Chr1 24946927 24955611 AT1G66880 gene
Qtl2 Chr2 2818438 2821477 AT2G06910 transposable element gene
Qtl2 Chr2 2826241 2826931 AT2G06912 pseudogene
Qtl2 Chr2 2827623 2828100 AT2G06914 transposable element gene
Qtl2 Chr2 2829210 2829798 AT2G06917 transposable element gene
Qtl2 Chr2 2837026 2838337 AT2G06922 transposable element gene
Qtl2 Chr2 2832082 2836514 AT2G06920 transposable element gene
Qtl3 Chr3 6701272 6704226 AT3G19340 gene
Qtl3 Chr3 6705492 6706127 AT3G19350 gene
Qtl3 Chr3 6707240 6709028 AT3G19360 gene
Qtl3 Chr3 6710719 6713650 AT3G19370 gene
Qtl3 Chr3 6714391 6716099 AT3G19380 gene
Qtl3 Chr3 6722988 6725027 AT3G19390 gene
Qtl4 Chr3 9985078 9986629 AT3G27080 gene
Qtl4 Chr3 9989539 9991826 AT3G27090 gene
Qtl4 Chr3 9991971 9994181 AT3G27095 pseudogene
Qtl4 Chr3 9994544 9996025 AT3G27100 gene
Qtl4 Chr3 9997894 10000230 AT3G27110 gene
Qtl4 Chr3 9999693 10003314 AT3G27120 gene
Qtl4 Chr3 10002658 10004281 AT3G27130 gene
Qtl5 Chr4 4283450 4283927 AT4G07493 transposable element gene
Qtl5 Chr4 4283942 4285470 AT4G07494 transposable element gene
Qtl5 Chr4 4288709 4291409 AT4G07495 transposable element gene
Qtl5 Chr4 4292652 4293196 AT4G07496 transposable element gene
Qtl5 Chr4 4296140 4297736 AT4G07498 transposable element gene
Qtl5 Chr4 4300048 4301484 AT4G07500 transposable element gene
Qtl5 Chr4 4301902 4305955 AT4G07502 transposable element gene
Qtl6 Chr4 14632652 14635885 AT4G29920 gene
Qtl6 Chr4 14648138 14653379 AT4G29940 gene
Table 2.6: List of overlaping Genes with QTls ±20kb
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QTL Chromosome Initial Position Final Position AGI Element Type
Qtl6 Chr4 14644008 14647591 AT4G29930 gene
Qtl7 Chr5 11555407 11558380 AT5G31511 transposable element gene
Qtl7 Chr5 11559202 11561951 AT5G30450 transposable element gene
Qtl7 Chr5 11563123 11564305 AT5G30721 transposable element gene
Qtl7 Chr5 11564676 11565897 AT5G30460 transposable element gene
Qtl7 Chr5 11566336 11566789 AT5G30648 transposable element gene
Qtl7 Chr5 11567515 11568304 AT5G30870 transposable element gene
Qtl7 Chr5 11569501 11572297 AT5G31092 transposable element gene
Qtl7 Chr5 11573251 11573608 AT5G31314 transposable element gene
Qtl7 Chr5 11575367 11575838 AT5G31536 transposable element gene
Qtl7 Chr5 11576744 11577128 AT5G31758 transposable element gene
Qtl8 Chr5 24046791 24050801 AT5G59680 gene
Qtl8 Chr5 24052384 24055425 AT5G59700 gene
Qtl8 Chr5 24057406 24061918 AT5G59710 gene
Qtl8 Chr5 24062576 24063277 AT5G59720 gene
Qtl8 Chr5 24063876 24066170 AT5G59730 gene
Qtl8 Chr5 24064477 24066154 AT5G59732 gene
Qtl8 Chr5 24051551 24052143 AT5G59690 gene
Table 2.6: List of overlaping Genes with QTls ±20kb 20kb
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Finally, for the 8 possible QTLs, the p-value time dynamics has been explored graphically
figure 2.16c. The aim of this is to check the relevance of time course at finding representative
QTLs. It is observed that taking measurements through time increases the chances of finding
QTLs. For example, QTL5, depicted in green, has its top p-value on DAE 5 for two disparate
traits as Boundary Point Roundness and Minimum Enclosing Circle Diameter. Meanwhile
QTL8, depicted in purple, is found after DAE 10, rising its p-values along time, for the traits
related with region size as Convex Hull Area, Convex Hull Circumference, Minimum Area
Rectangle Area and Minimum Enclosing Circle Diameter.
Traits Area and Circumference are not associated with high p-values, while the regions sur-
rounding the rosette, i.e Convex Hull Area, Minimum Enclosing Circle Diameter and Minimum
Rectangle Area, do provide more number of QTLs at higher significance. This happens in spite
of Area and Circumferences are size-related and more robust to computer vision measurement
artefacts. Therefore, this plot assist in the justification of using several geometrical measure-
ments, although they are similar in meaning but different in the way it captures the shape of
rosettes, as well as measuring them for several days and using each as separate phenotypes.
2.4 Discussion
For this study a subpopulation from the one used by Atwell et al. (2010) has been phenotyped
for rosette morphological traits. Their publication represents a proof of concept of GWAS in
Arabidopsis thaliana (Brachi et al., 2011; Korte and Farlow, 2013). This population was pre-
viously studied by Magnus Nordorg and collaborators concerning the degree of polymorphism,
Linkage Dissequilibrium and its decay (Nordborg et al., 2002, 2005). Nordborg’s population
was used for association mapping, before to Atwell’s paper, to find previously known genes, i.e
candidate genes, for flowering time and pathogen resistance . The whole Atwell’s population
contains 199 accessions, and the LD decay was calculated in 10kb on average (see (Atwell et al.,
2010; Korte and Farlow, 2013)). However, for the 96 ecotypes sub-population used here and by
Nordborg et al. (2005), Aranzana et al. (2005) calculates a linkage dissequilibrium between 50
and 250kb.
For the 199 population, 140000 SNPs were calculated as sufficient for GWAS (Korte and
Farlow, 2013), although the genotyping array used contain about 250000 (Atwell et al., 2010).
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Atwell et al. (2010) studied 107 phenotypes with previously known candidate genes, testing
the ability to find genes related with life history, e.g flowering time, pathogen resistance and
ionomics. Atwell et al. (2010) mention that population structure plays a difficult role in this
population and needs to be corrected. Similar findings in Nordborg’s population were described
by Aranzana et al. (2005); Zhao et al. (2007) when searching for known genes for flowering
time. These authors argument that traits with geographical variation show higher number
of spurious association, since plants from same origin may share more common variants and
adaptations to their environment (Aranzana et al., 2005) . However, Vilhja´lmsson and Nordborg
(2012) pointed that the major reason of confounding at GWAS is the genetic background and
environmental effects, over the population structure.
2.4.1 Population Structure
Our results about population structure agree with previous work (Aranzana et al., 2005) in
which Linkage Dissequilbrium Decay extent further than 100kb, longer than in the bigger
population studied in Atwell et al. (2010) for GWAS. However, Kim et al. (2007) studied LD
in a population of 19 accessions and 341602 SNPs finding that recombination occurs often
as hotspots in intergenic regions. Our results also suggest that LD is not homogeneously
widespread along chromosomes, but located in “coldspots” around centromeres and certain
regions. More analysis are needed in order to prove whether those longer linkage regions are
either in intergenic regions or related with selection sweeps around certain genes (Kim et al.,
2007).
In addition, Kim et al. (2007); Korte and Farlow (2013) indicated that 40% or 50% of the
25000 SNPs should be enough for GWAS studies in Arabidopsis. Our population structure
calculations does not show visible differences whether using the full set of SNPs, 50% or 5%
neither for the Kinship Matrix nor for PCA-based matrix, but the reduction down to about
10800 served to keep LD decay around 10kb in this population.
2.4.2 GWAS results
GWAS results shows that, for all the traits and “number of days after experiment started”, no
SNPs were found significantly associated with traits after FDR correction. Quantile-Quantile
Page 71
CHAPTER 2. GWAS Odin Moron Garcia
plots showed that the EMMA models were over-corrected, in spite of whether PCA-based
population structure correction and geographical origin were used as covariates or not. This
result is unexpected since GWAS is know to have a high rate of false positive discovery, i.e
spurious correlations, as a drawback(Hayes, 2013).
Possible explanations for this absence of significance is that morphological traits could have
a genetic architecture composed of many genes of minor effects rather than rare variants with
larger (Gibson, 2012) effects. However, it can be argued, for example, that the rare variant
carried by the accession Landsberg erecta may show any significance in our data set, since it
produces more compact rosettes and more round arrangement of leaves due to an strong allele
in the gene Erecta (AT2G26330). The gene Erecta encodes for a receptor protein kinase that
acts as modulator of environmental clues and regulates process related with plant physiology
and development (Torii, 1996; Hall et al., 2007b; van Zanten et al., 2009b; Tisne et al., 2011;
Shpak, 2013; Mandel et al., 2014).The results in this set of shape and size related traits may
be explained by a conflated effect of common variants under the infinitesimal model, i.e the
classical quantitative genetic assumption of additive effect of many genes (Barton et al., 2016,
for a historical review), and the rare variants model, i.e major effect genes controlling a trait
but found in few individuals(Gibson, 2012).
Similar results and conclusions were drawn by Kooke et al. (2016) from a GWAS on 349
accessions looking for the genetic architecture of morphological traits in Arabidopsis. They
found extensive variation and high heritabilities on traits such as leaf length, petiole length,
growth rate and inflorescence branching. They found few significant QTL, arguing that popu-
lation structure may had lead to an increase of false negative. In addition, they interpret that
part of the missing heritability in their analysis is due to small effect QTLs. In their words,
the polygenic and highly complex genetic architecture of their traits “hides” the estimation of
heritability. In their study, the presence of geographic and climatic adaptation explains pheno-
typic variation, making more difficult the elucidation of the genetic architecture. Finally, the
authors mention that this effect should be even stronger for whole-plant phenotypes, such as
the rosette morphology that I examined here.
Kooke et al. (2016) suggested that marker-based estimation and genomic prediction aids
to identify genes when the trait is determined by small effect additive genes. Other approach
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for complex traits is followed by Bac-Molenaar et al. (2015), modelling growth along time by
exponential differential equation. This approach was not taken due to low differences among
parameters for shape-related traits in previous pilot experiment (data not shown). This method
would be more valuable for comparing growth rates among treatments as Bac-Molenaar et
al did. However, a discussion about longitudinal data, i.e time series, is found at Li and
Sillanpa¨a¨ (2015). In that review, several methods to account for time in “vector-valued” traits
are proposed for increasing the opportunities of finding QTLs in GWAS by integrating the
dynamic view from high-throughput phenomics data. In their results they explore graphically
the temporal relation of traits and GWAS p-values.
In the same fashion than Li and Sillanpa¨a¨ (2015), my exploration shape descriptors as
multivariate dynamic traits allowed to find a repetitive pattern over 8 SNPs. These QTLs lack
significance, but remain having higher P-values for many traits and DAE than other SNPs
regardless their vicinity. The visualization of p-values temporal course reflect that the genes
underlying those QTLs become representative in a certain time frame.
It is suggested that the lack of significance might be due to the corrections on population
structure and the number of SNPs. However, searching in the 20kb vicinity of those possible
QTLs for genes, no well known genes with activities implying cell growth, signal transduction,
hormone interaction or environmental response were found, e.g. phytochromes, flowering time
genes, signal transduction factors, transcription factors, etc. Still, this 8 QTLs cannot be
neither rejected nor accepted completely and further analysis on different populations should be
required. Special attention over these 8 regions could help to elucidate the genetic architecture
of rosette morphology as complex trait.
Further work could be done at checking the same traits on other population with different
population genetic properties. In the QTL mapping literature biparental crosses of accessions
grown in this experiment have been studies. Specifically, O’Neill et al. (2008) generated six
biparental crosses, being one of them Ag-0 x Cvi-0. Those parental has shown different kind of
rosettes in this experiment, so this cross is a candidate for QTL mapping of Arabidopsis rosette
shape descriptors and it is explored in the next chapter.
Open questions, possibly of interest, are: a) to explain why some accessions with near
origin and similar genetic composition, such as Var2-1 and Var2-6, has different values for
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QTL mapping - Biparental Cross Cvi x
Ag
3.1 Introduction
Recombinant Inbred Lines (RILs) from an cross of parentals Cvi-0 (Cape Verde Island) an
Ag-0 (Argentat, France) Arabidopsis thaliana ecoytpes have been phenotyped for whole rosette
morphological traits. Multiple QLT mapping (MQM) technique has been applied for gene
mapping of Shape Descriptors.
The use of Biparental-derived RILs, being nearly genome-wide homozygous and phenotyp-
ically non-uniform population, is adequate for quantitative trait mapping (Weigel, 2011). A
population derived from Cvi-0 and Ag-0 was chosen since parentals are relatively divergent
lines for seedling rosette morphology, as observed in chapter 2 (see figures 2.4 and 2.5 and table
2.3).
The standard approach to QTL mapping using biparental crosses is testing whether a Quan-
titative Trait Locus is present and linked to a specific marker in the population under analysis
(Haley and Knott, 1992). The methodology involve to identify a set of polymorphic genetic
markers in parentals genome (Knapp et al., 1990; Knapp and Bridges, 1990), e.g Single Nu-
cleotid Polymormisms (SNP), Simple Sequence Repeat (SSR) or insertion/deletions (InDels),
that are homozygous for each parental but biallelic for both parentals.
Parentals are crossed to produce the first filial generation, noted as F1, which is heterozygous
at all such loci. After subsequent selfing, crosses or backcrosses, noted as Fn, segregationresults
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in a mixture of allelic combinations for all markers. Then, a genetic map is calculated from
recombination frequencies between markers, being the distance the recombination probabilities
expressed in centiMorgans (cM).
Afterwards, the association between a phenotype and genome-positioned markers is calcu-
lated to determine whether a marker is linked to a Quantitative trait locus for such phenotype
or not (Broman, 2001) . Many techniques are available to calculate such association, sharing
in common the use of markers as surrogate of their vicinity due to the linkage between markers
and putative neighbour causal loci (Broman, 2001). The term linkage refers to a recombination
frequency lower than 0.5 due to the closeness between markers and loci. Thus, the statisti-
cal association, calculated by linear model methods (Haley and Knott, 1992), t-test, Gaussian
Mixtures (Lander and Botstein, 1989) or any other method (Knapp et al., 1990), between a
marker and a phenotype indicates whether a possible QTL is nearby the marker.
In general, a normally distributed phenotype in a population is a mixture of several normal
distributions according to allelic variation at any causal QTL. Maximum Likelihood methods
separate the empirical phenotypic distribution into Gaussian distributions according to allelic
values at a single marker (Lander and Botstein, 1989). Likelihood Ratio (LR) test quantifies the
“effect size” between allelic phenotypic means, resulting in a LOD score ( Log of Odds = LOD
= -log10(p-value) ) . Interval mapping is a refinement over this model that improves precision
by locating a QTL within intervals between flanking markers (Jansen and Stam, 1994). It
involves to calculate the allelic frequencies of a potential QTL between two markers according
to the local recombination frequency and compute the mixture distribution between estimated
genotypes at QTL being tested (Zou and Zeng, 2008). This approach uses pseudo-markers,
positions in the chromosome that has not been genotyped, but whose genotype is calculated
from flanking markers genotypes. In spite of changing the computation, LOD scores keep the
usual interpretation.
The previously explained approach only allows for testing a marker at a time. Instead,
using some markers as covariates and analysing simultaneously sets of markers increase the
precision and reduce false positives. Multiple QTL mapping (MQM) (Jansen and Stam, 1994)
uses multiple linear regression methods to regress the phenotype over markers and putative
QTLs. The MQM, as implemented in the package R/QTL, proceed as follows ( Broman
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and Sen (2009) for a more detailed explanation ). Population genotypes need to be first
“augmented”, meaning that missing genotypes are predicted by imputation. Then, a set of
markers are selected as cofactors, either automatically or chosen by the user . The automatic
selection takes into account marker density for a equally disperse sample. These cofactors are
to be used as covariables in the linear regression. Finally, MQM proceeds to scan groups of
markers for phenotype-QTL association, accounting for variation in the cofactors and removing
them “backwards” when showing no influence in the test. The results are LOD scores on the
hypothesis of a QTL being linked to the markers.
LOD scores arranged in the chromosome position and plotted are called Log-likelihood-
ratio (LR) profiles and allows to asses visually the presence and number of potential QTLs.
Yet, a LOD score threshold has to be established as sufficient to accept a locus as a potential
QTL. Usually, a LOD score between 2 and 3 has been considered enough for single marker
analysis (Churchill and Doerge, 1994). In the case of multiple marker analysis a permutation
procedure is required to establish such threshold (Doerge and Churchill, 1996). Permutation
tests consist in calculating multiple times, hundreds to thousands, the same analysis on a
random resampling of the phenotypes. The procedure exchanges phenotypic values between
individuals and calculates the distribution of LOD scores when no causal QTL-marker linkage
exists. On this distribution, 90 and 95 percentiles are accepted such that only 10% and 5%,
respectively, chance of false positive are allowed. This procedure can be done marker by marker
or globally for the trait. The election in R/QTL implementation is to calculate a “traitwise”
threshold to be applied to all markers, by pooling LOD values of all analysed markers.
In summary, MQM analyses the association between pair of markers with the phenotype
accounting for the effect of other markers in the vicinity, returning a probability value for this
association. The calculation of LOD threshold values per phenotype allows to accept or reject
the hypothesis for association.
MQM analysis was applied to rosette shape descriptors to locate Quantitative trait loci
related with rosette morphology. Phenotypes were measured at 5 consecutive days and a geo-
metric (exponential) model was fitted for every shape descriptor time trajectory. The intercept
and slope of the models were also used as input for MQM analysis.
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3.2 Material and Methods
3.2.1 Biparental cross population
The biparental cross of Cape Verde Island and Argentat, France, accessions is one of the crosses
performed, out of 6, at Ian Bancroft’s laboratory (O’Neill et al., 2008). The crosses were initially
designed for QTL mapping of seed lipids. The accessions for crossing were selected due to their
diverse original location and variation for this trait. The Cvi-0 X Ag-0 cross was chosen for
this experiment because the visual differences in rosette morphology between both parental
accessions (see chapter 2).
RILs were generated by single seed descent for eight generations. The original population
have 94 RILs genotyped at 71 Simple Sequence Repeat (SSR) and insertion/deletion (InDels)
markers, mapped using Kosambi mapping function. The distribution of SNPs are 17,12 11,14
and 17 markers for chromosomes 1 to 5, as illustrated in the figure 3.1. In this experiment, 88
RILs were grown, due to individuals 3,7,38,44,49 and 54 did not germinate.
3.2.2 Experimental conditions
88 Recombinant Inbred Lines from the Cvi-0 x Ag-0 population were planted in a randomized
schema at the NPPC facilities. 8 replicates of each RIL were placed in 36 trays containing
20 plants (5x4) each (figure 3.2 for an example). Seedlings were kept until flowering in PSI
PlantScreen phenotyping device being watered automatically every day. Plant were also sent
to the imaging chamber daily.
Seeds were sown on 24th June 2015 and kept in vernalisation for 7 weeks. On August 12th
plants were pricked out to single pots and placed in trays in randomized blocks. On August
18th, trays were placed into PlantScreen device and maintained until 23rd August (5 days).
Trays were imaged daily from the top. For compatibility with other experiments, all dates were
translated to Days after Experiment started (DAE) instead of Days after Sowing.
The pots and greenhouse conditions were similar to the experiment described at chapter 2.
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CHAPTER 3. QTL Odin Moron Garcia
Figure 3.2: Example of PSI PlantScreen tray with Cvi x Ag RILs population
3.2.3 Image processing and Shape Descriptors
PlantScreen internal software performs automatically the tasks of image correction, segmenta-
tion and Shape descriptor computing. Image processing pipeline is presented according to PSI
personal communication. Figure 3.3 summarizes the workflow with an example.
PlantScreen camera objective is curved in a way that the whole tray is ensured to be in a
single image. Therefore, the image is distorted with a moderate fish-eye effect and the software
perform an initial correction on the image to “flatten” the picture and recover the original area
of the objects.
The fish-eye corrected image is sent to the image segmentation pipeline. The first step is
to overlap a predefined masking image with squares that delimits each pot. In consequence,
the resulting image keeps only within-pots content, eliminating conveyor and tray parts. Every
pot is now a so-called Region of Interest (ROI). A new gray-scale image is computed using the
formula IGray = 4 ∗ IGreen− 3 ∗ IBlue− IRed to each pixel (symbol I stands for Intensity) in each
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ROI. On the new gray-scale image, a median filter is applied, i.e for each pixel, its neighbour
pixels are gather and the median of these pixels becomes the new pixel value. The size of the
neighbourhood is a set-up parameter, configured at 25 neighbours for these images.
Finally the gray-scale image can be thought as a collection of intensity values in a range
from 0 to 255, whose frequency is arranged in a histogram. A threshold on pixel intensity is
used to collect a binary image with values below and above it. Pixels above this threshold are
classified as foreground and below it as background. The threshold was configured as 35% for
these images and plant pixels are considered those classified as foreground. This binary image
is itself also a mask that can be used to extract the colors in the original fish-eye corrected
image, although this source of information is not used in this work.
Shape Descriptors
The Plantscreen device automatically calculates its own set of built-in shape descriptors de-
scribed in Table 3.1 and illustrated in figure 3.4. The names and definitions of descriptors are
based on PSI personal communication.
The shape descriptors calculated by PlantScreen software overlap partially with those from
chapter 2. Rosette area and perimeter, Convex Hull area and perimeter, compactness, rosette
roundness, convex hull roundness (called roundness2 in PlantScreen) and eccentricy are calcu-
lated by the same formulas. Rotational Mass Symmetry (RMS), Slender of Leaves (SOL) and
Isotropy are specific of this software. Their formulas are described in table 3.1, and the figure
3.4 provides a visual guide to the elements required to calculate these shape descriptors, i.e
Convex Hull, Skeleton, Circle with equal area than rosette.
RMS describes the uniformity of the rosettes. For rosettes that are compact, their area and
convex hull area are close and a circle with same area as the plant will be near the border.
Then the RMS will be small. On the contrary, loose rosettes has its pixels more spread, so the
circle would have a radius smaller than the rosette radius, and many rosette pixels would be
out of this circle. The RMS will be bigger.
SOL is a complicated measurement that seems to account for the extension of leaves from
the centroid. The use of skeletons instead of perimeters reduce the error due to partially
overlapping leaves.
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Figure 3.3: Representation of Image Processing Pipeline performed automatically by PSI
PlantScreen
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CHAPTER 3. QTL Odin Moron Garcia
Figure 3.4: Example of elements to calculate Shape Descriptors. Area: Dark Green pixels inside
rosette at left and right images. Perimeter: Red pixels surrounding rosette at left image. Convex
Hull. All coloured pixel (non-black) at left image. Regions of Convex Hull No intersecting with
rosette are in blue, light blue, light green, orange and yellow. Skeleton: Blue pixels inside the
rosette at left and right images. Circle with same area than Rosette. Red circle in right image.
Polygon joining leaf tips not represented in these images
Isotropy is a convex hull roundness-like metric, but instead of a convex polygon, it uses
a concave one that touch every leaf tip. It is claimed to be more robust, since segmentation
artefacts are not playing an important role in its error.
3.2.4 QTL mapping
QTL mapping was initially performed considering every Shape descriptor at each single day, so
that for example, AREA MM become five traits AREA MM 0, AREA MM 1, AREA MM 2,
etc. where numbers represent Days After Experiment started (DAE).
In addition, to take advantage of Shape Descriptor time course monotonicity, and given the
number of replicates per RIL (8 plants), a geometrical model has been applied to each RIL
for each parameter. The geometrical growth model (equation 3.1) allows to model exponential
growth, exponential decay and constant slope, i.e. null, and it was a suitable approach for all
traits. The original growth model (equation 3.2) uses N0 as population size at time zero, and
for consistency with non-growth models we rename it as “A”. The growth rate is usually named
r and correspond to the slope, so we renamed it as “B” also for consistency (see equation 3.3).
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dN/dt = rN (3.1)
Nt = N0 · er·t (3.2)
Shapet = A · eB·t (3.3)
All data handling, plotting and analysis has been performed in the statistical software
package R. Geometric models were fitted using non-linear squares with the function nls. QTL
mapping has been performed with the package R/QTL. Multiple QTL Mapping has been done
with the function mqmscanall. The automatic cofactor selection used the mqmautocofactors
function, choosing a maximum of 50 cofactors to test. Permutation tests have been performed
for each trait DAE (Days after Experiment started) using the function mqmpermutation with
500 permutations and including cofactors. All the analysis were performed after coercing the
cross to be “riself”, meaning RILs by selfing, and augmenting the data with the function
mqmaugment with the option “minprob” set up as 1.0. MQM scans, auto-cofactors and per-
mutation used the augmented, without missing data, version of the cross. After results were




All plants were onto the PlantScreen Device for 5 days (typed as “Day After Experiment Start”,
DAE, from 0 to 4). Figure 3.5 show 25 plants at DAE 2. They are the 8 replicates of parental
accessions plus RILs CA83 and CA16. The parental Cvi had a low germination rate, so only
one replicate was included. This does not affect any analysis in this chapter since parentals
are included for visual comparison purposes. Figure 3.6 represent the rankings for every plant
according to Compactness at DAE 2. Table 3.2 present the values of Compactness and the
rank of every plant in the figure 3.5. For simplicity, the rank in the population (Global Rank)
has been mapped to a rank for the plant in the table (Table Rank). The plants in the figure
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3.2 are organized as a parental/RIL per row, and within row plants are sorted by rank.
The two figures show that RILs and Ag-0 had different rosette structures between strains
and consistent within RIL/Parental. Cvi-0 replicate is clearly the most compact, and Ag-0 and
CA16 are more similar between them than to CA85, which is clearly reflected in the ranking.
For a more comprehensive view of Shape Descriptors, figure 3.7 shows histograms for each
one at DAE 0. Most parameters were normally distributed with a variable degree of skewness.
Although the parentals were chosen due to their different rosette shape, the F8 RILs still present
transgressive segregation. That is, the distribution of RILs’ rosette shape quantitative traits
expand in the population to values that range beyond those of their parentals, but keeping close
to normal distribution rather than a uniform one. For that reason, the parentals were either
close to the mean value or were together near one of the extremes. For example, Eccentricity
and Roundness2 had both parentals in one of the extremes. Area, Perimeter, Roundness,
Rotational Mass Symmetry and Slender of Leaves were close to the average. For Compactness,
Ag-0 is in the middle while Cvi-0 is in one extreme and the same occur in Isotropy.
Figure 3.8 present the average per RIL developmental trajectories throughout days,split by
shape descriptors. Rosette area and perimeter show that plants were growing exponentially
while the other morphological parameters had a monotonic, either positive or negative, trajec-
tory alongside growth. Eccentricity and Roundness-2 indicate plants were getting more round
shaped across time arriving to a steady-state around the 2nd or 3rd day. However, Isotropy
and Roundness does not present any direction over time, being Isotropy a very “disperse” des-
criptor. Slender of Leaves and Compactness show that most plant were getting a more dense
habit along days.
In general, most accessions were growing exponentially, extending leaves and petioles, at
the same time covering gaps between leaves, therefore increasing Compactness and Slender Of
Leaves, and becoming more round-shaped. To demonstrate visually the rosette development
figures 3.9 and 3.10 and table 3.3, display four individual plant examples, the two parentals,
CA16 and CA83, across time. The figures and the table illustrate the relationship between
growth and shape throughout time.
Cvi-0 and CA83 were bigger than the other accessions, in terms of area, than Ag-0 and
CA16. However, The perimeter of Cvi-0 is in the range of Ag-0 and CA16 while CA83 has
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CHAPTER 3. QTL Odin Moron Garcia
Figure 3.6: Ranking of the Biparental cross population by Compactness at DAE 2. Ranking
calculated over the individuals. Colours are orange = Ag-0;Green = Ag-16;Blue = CA83;Purple
= Cvi-0. Each bar correspond to an individual. Average value is indicated with an arrow
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CHAPTER 3. QTL Odin Moron Garcia
Figure 3.7: Histogram showing average value per RIL and Shape Descriptor at DAE = 0. Two
black arrows show the average value for parental Cvi-0 and Ag-0
bigger values. The reason is the longer petiole length in CA83 than in the other three, having
this plant a looser habit as observed in figure 3.10 in the values of Compactness and Slender of
Leaves.
As it has been stated in chapter 2, shape descriptors measure multiple aspects of rosette
architecture at once and it has been explained that mutual information is shared between them,
e.g compacness and Slender of Leaves. Thus, it is expected a degree of correlation between
descriptors value that facilitates to split descriptors in groups. Figure 3.11 shows the correlation
between pairs of descriptors. Eccentricity and Roundness-2 (Convex Hull roundness in chapter
2) had a correlation of -0.88 indicating that both are good measurements for circularity, however,
a deeper study on shape descriptors mathematics (not included in this thesis) indicates that
eccentricity is more robust to segmentation artefacts than Roundness-2. Hipothetically, we
expect high correlation between roundness, roundness2, eccentricity and isotropy, due to their
similar definition, but roundness do not correlate with any of them. Again, the experience
suggest that roundness, being dependent of perimeter, is very variable parameter very affected
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Figure 3.8: Shape Descriptors Time Trajectory. Each line represent the RILs average per day
along the 5 days the experiment lasted. For comparison, the parental Cvi-0 is coloured in red
and Ag-0 in blue
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CHAPTER 3. QTL Odin Moron Garcia
for leaf movement and overlapping. For this reason, it correlates with compactness at the end
of vegetative growth, when the plants cover most of its space and perimeter counts more for the
outer perimeter of the rosette than the leaf sides and petioles. Area and perimeter correlates
due to both are measuring rosette size. For bigger leaves, the more area and more perimeter
they have. Their correlation is 0.76 indicating as well that for a certain area exist variation
in perimeter according to leaf shape, e.g rounded leaves correspond to smaller perimeters than
elongated ones. Slender of leave correlates with perimeter due to the skeleton length is a robust
measure of leaf length in the same way than perimeter is a measure of leaf outer surface length.
The general idea is that shape descriptors can be interpreted as one single multivariate
descriptor, so that all of them represent the rosette global architecture. For that reason QTLs
associated to any of these descriptors may be considered as QTL for rosette architecture rather
than separated them in QTL for area, QTL for roundness, etc.
Each shape descriptor trajectory was modelled using equation 3.3. Parameters A and B, i.e
intercept and slope, were fitted using non-linear least squares. After modelling the curves, the
time trajectory get condensed into these two parameters. Intercept would be the value of the
parameter at time 0, so the initial averaged value, and the slope would be the direction of the
shape descriptor when growing, indicating the speed of change.
Histograms, figure 3.12, of Intercept values show that they are normally distributed, while
the position of parentals at each value are similar to the Shape at day 0. For the slope, every
shape descriptor becomes normally distributed and potentially interesting variation emerge. For
example Isotropy show values between [-0.5, 0.5] so some RILs decay in isotropy while others
are growing. Other example is compactness, with an Ril with an slope of ∼ 0.075 indicate that
quickly cover its region, while other RIL reduce its compactness at ∼ -0.05, so that it almost
does not vary its coverage.
Broad sense heritability was calculated from a mixed model using RILs names as random
effect, so that Genetic variance is calculated as the random effects variance, and environmental
variance from the model error. The heritability for most traits and DAE combinations were
over 20%, with the exception of Eccentricity and Isotropy at DAE 3 and RMS at DAE 4. Area,
Perimeter, Compactness and Roundness had the largest heritability, around 67% for Area and
all DAEs between 57 and 67 for Roundness across time. In general, heritability has not heavy
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Figure 3.10: Time course trajectory for the selected example at figure 3.9
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Table 3.3: Phenotypic values for DAE 0 to 4 for the selected example at figure 3.9
AREA.MM DAE
0 1 2 3 4
Cvi-0 692,44 791,66 992,43 1185,94 1395,28
Ag-0 331,42 404,82 538,29 688,1 941,95
CA83 440,83 624,78 797,84 984,09 1207,16
CA16 307,28 345,41 393,28 441,86 643,48
COMPACTNESS DAE
0 1 2 3 4
Cvi-0 0,73 0,74 0,77 0,81 0,83
Ag-0 0,56 0,65 0,73 0,73 0,76
CA83 0,4 0,52 0,53 0,56 0,6
CA16 0,55 0,59 0,6 0,61 0,6
ECCENTRICITY DAE
0 1 2 3 4
Cvi-0 0,16 0,1 0,09 0,08 0,13
Ag-0 0,15 0,13 0,12 0,09 0,12
CA83 0,18 0,15 0,11 0,14 0,14
CA16 0,19 0,14 0,13 0,16 0,17
ISOTROPY DAE
0 1 2 3 4
Cvi-0 0,83 0,83 0,77 0,85 0,77
Ag-0 0,7 0,82 0,72 0,93 0,85
CA83 0,58 0,33 0,51 0,62 0,85
CA16 0,76 0,82 0,9 0,59 0,76
PERIMETER.MM DAE
0 1 2 3 4
Cvi-0 207,1 210,54 222,52 215,82 217,15
Ag-0 157,69 160,62 197,95 211,71 237,01
CA83 280,3 337,38 398,22 412,42 416,31
CA16 191,38 196,5 191,03 249,85 247,4
RMS DAE
0 1 2 3 4
Cvi-0 0,58 0,48 0,47 0,21 0,35
Ag-0 0,31 0,19 0,16 0,3 0,29
CA83 0,56 0,44 0,32 0,45 0,47
CA16 0,53 0,47 0,3 0,29 0,61
ROUNDNESS DAE
0 1 2 3 4
Cvi-0 0,2 0,22 0,25 0,32 0,37
Ag-0 0,17 0,2 0,17 0,19 0,21
CA83 0,07 0,07 0,06 0,07 0,09
CA16 0,11 0,11 0,14 0,09 0,13
ROUNDNESS2 DAE
0 1 2 3 4
Cvi-0 0,91 0,92 0,95 0,95 0,91
Ag-0 0,9 0,91 0,93 0,95 0,93
CA83 0,88 0,9 0,93 0,94 0,94
CA16 0,88 0,91 0,93 0,93 0,88
SOL DAE
0 1 2 3 4
Cvi-0 14,32 16,63 23,97 23,86 27,87
Ag-0 13,28 11,14 9,66 18,69 24,93
CA83 24,32 25,25 33,49 39,32 49,63
CA16 10,01 13,38 17,57 21,2 27,02
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CHAPTER 3. QTL Odin Moron Garcia
fluctuations for any descriptor in time, but RMS, Solidity and Eccentricity have seen reduced
their heritabilities from DAE 0 to 4.
3.3.2 Multiple QTL mapping
Multiple QTL Mapping is a variation of the Composite Interval Mapping, that allows the use of
several markers as cofactors. The advantage is that, while testing markers for significance in its
association with a phenotype, variation in the trait due to variation in markers other than tested
one is controlled. The package R/qtl has the function mqmautocofactors to automatically, based
on markers density and backward elimination procedure, select a sparse set of cofactor markers.
The immediate effect is a much cleaner QTL profile, with less noise and more adequate LOD
values per markers. The application of MQM to each single day and shape descriptor average
RILs values return QTL profiles plot. The profile plots represent the Log of Odds (LOD) score
for each marker, sorted by chromosome and position within. By overlapping QTL profiles of
different DAEs, an insight of how much influence a possible QTL is getting, or losing, through
time. Finally, permutation test helps to find the LOD score threshold to accept a markers as
pinning a QTL region.
The mapping population has 89 RILs genotyped for 71 markers (17, 12, 11, 14 and 17 for
chromosomes 1 to 5). 97.3% of markers had been genotyped, having a 39% AA, 58.5% BB and
2.1% AB (heterozygous) (see table 3.4). There were 181 missing genotypes, in average 2.55
RILs were not genotyped for each markers. The cross were transformed, from the default “F2”
in the software, to “RILs by Selfing”, which eliminates heterozygous markers. This is required
to ensure correct genotypic probabilities are assigned during the Gaussian Mixture modelling.
For MQM analysis, no missing data is accepted in the routine, so a procedure called genotype
augmentation was performed. Using the minimum probability parameter as 1.0 all missing
genotypes were imputed as the most probable value according to their neighbouring markers.
The result is a population homozygous for all markers and without missing data (figure 3.14).
Map distances need to be recalculated after population modifications. Figure 3.15 shows
that the recalculation produce a map expansion respect to the one at figure 3.1, being the
genetic distance between markers increased. The average distance between markers is 7.64cM,
in a range of 504cM for the whole genome, the maximum distance between two adjacent markers
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CHAPTER 3. QTL Odin Moron Garcia
Chromosome n.mar length ave.spacing max.spacing
1 17.00 124.01 7.75 28.37
2 12.00 69.06 6.28 10.93
3 11.00 99.94 9.99 17.75
4 14.00 95.28 7.33 16.44
5 17.00 116.20 7.26 17.28
overall 71.00 504.48 7.64 28.37
Table 3.4: Cvi-0 x Ag-0 population genetic map characteristics
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CHAPTER 3. QTL Odin Moron Garcia
Figure 3.15: Genetic Map corresponding to SNP markers genotyped for Cvi-0 x Ag-0 RILs.
The absence of 4 RILs generate a map expansion. At each chromosome the original map is at
left side, and the calculated map at right.
was 28.37 cM.
As stated before, MQM results are essentially LOD scores supporting, or not, the hypothesis
of having a QTL close to genotyped markers associated to phenotypic variation. To comprehend
genome-wide LOD scores they are usually represented as Log-likelihood (LR) profile plots.
These consist in markers sorted by chromosome position along the X axis and their LOD scores
on the Y axis. Hill-like peaks on the LR profile indicates the location of a potential QTL. In this
experiment 66 LR profiles, for 55 phenotypes corresponding to Shape DAE and 11 phenotypes
corresponding to Shape Intercept and Shape Slope, are produced. The whole collection of plots
are difficult to interpret when put together. Thus, the approach here is to show QTL profiles
for each descriptor separately, but keeping the different DAE in the same plot (figure 3.16).
Two different plots were produced for each intercept and slope (figures 3.17 and 3.18 )).
From these plots potential QTLs were extracted in Chromosome 1 for Area, SOL and Ec-
centricity. In Chromosome 3, at the rightmost section for Roundness and compactness, and at
the left for RMS, Isotropy and SOL. Both seems to be found also for Roundness2. In Chromo-
some 2 there are low LOD potential candidates at the left and the right. Finally Chromosome
4 seems to harbour a potential QTL in the middle of the chromosome for Roundness, SOL and
Perimeter.
These plots also address the relevance of measuring morphological traits across time, since
the significance of association for each possible QTL may change in different days.
The kind of plots that help together to compare potential QTLs found by different descrip-
tors are the raster plots stack all Descriptors and DAE into one single plot and map the LOD
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CHAPTER 3. QTL Odin Moron Garcia
height to a colormap. A joint LR profile has been added under it to facilitate the compari-
son of the colormap and the height. Unfortunately R/QTL raster plot do notaccount for the
genetic distance in the X axis, but rather place each marker equidistantly. A third plot that
aids visualizing the genetic distance between potential QTLs are the circular maps, where the
chromosomes are draw as a circumference, with every markers significant at the MQM analysis
is plotted at their genetic distance and lines connecting markers significant for the same trait
pass through a symbol in the center, having a different color per trait. These three kinds of
plots are presented as single figures for groups of descriptors (figure 3.19 for Descriptors and
DAE, and 3.20 for Descriptors Intercept and Slope)
LOD thresholds calculated from permutation procedures described at table are used to
identify markers significantly associated to shape descriptors variation. Table 3.5 (for the
combination Shape Descriptors - DAE) contains only those markers with an “effect size” over
the statistical significance level of 10 or 5%. It suggest a strong support for two “Shape
QTLs”. The first one is at the center of chromosome 2, surrounding the marker MS At2 9 at
21.3 cM and MS At2 1 at 34.88cM. It was found for compactness at DAE 0 to 4, with LOD
values over 5, maximum at 9.20, being the LOD threshold close to 3. Roundness provide some
support for this QTL, although the LOD scores are lower, between 2 and 4, but the calculated
threshold is between 2.48 and 3.22. The second Shape QTL with strong support is at the end
of the chromosome 3, between 89.5 and 99.94 cM . High LOD scores for this QTL is found
at Roundness at DAE 3 (LOD =12.57), and for Compactness DAE 2 and 3 (max LOD =
12.63). Isotropy, Roundness and Roundness-2 also show peaks in this QTL but closer to the
5% threshold. Some other peaks suggest possible QTLs at Chromosome 1 for Area, Eccentricity
and Roundness2 but these are not significant. In the middle of Chromosome 4, Solidity and
Perimeter indicates another possible QTL, but still under threshold.
MQM on the intercept and slopes of geometrical models support the QTLs found at day by
day analysis, but in general the signal is weaker, the maximum LOD peak is 10 and after this
6, a more sparse group of peaks appears in the image 3.20, although they were not crossing the
10% threshold. These results are available at table 3.6.
From the table it is observed that the QTL at middle of chromosome 2 has his highest LOD
at Compactness Intercept (4.58 with 5% threshold of 2.90) and Solidity Slope (LOD = 4.43
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(a) Raster image showing MQM results for all combinations of Shape Descriptors and DAE.
(b) QTL profile for all Descriptors and DAE pooled
(c) Circle plot for all Descriptors and DAE
pooled
Figure 3.19: QTL profiles panel for Shape Descriptors and DAE(see text for graph description).)
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(a) Raster image showing MQM results.
(b) Circle plot for all Descriptors and DAE pooled
(c) Circle plot for all Descriptors and DAE
pooled
Figure 3.20: QTL profiles panel for Shape Descriptors and DAE (see text for graph description).
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Descriptor chr pos..cM. marker LOD 5% Threshold 10% Threshold
ROUNDNESS 0 1 113.504 nga111 2.98 2.55 2.36
ROUNDNESS 1 1 124.009 MS At1 29.6 2.74 2.60
COMPACTNESS 0 1 124.009 MS At1 29.6 2.67 2.40
ROUNDNESS 2 1 124.009 MS At1 29.6 2.50 2.48
ROUNDNESS 0 1 124.009 MS At1 29.6 3.99 2.55 2.36
COMPACTNESS 2 2 10.932 MS At2 2.4 3.40 2.85 2.31
COMPACTNESS 3 2 10.932 MS At2 2.4 2.99 2.58 2.46
COMPACTNESS 1 2 10.932 MS At2 2.4 2.55 2.41
COMPACTNESS 3 2 14.853 MS At2 5.3 2.47 2.46
COMPACTNESS 2 2 14.853 MS At2 5.3 2.50 2.31
COMPACTNESS 3 2 21.3 MS At2 9.3 6.29 2.58 2.46
COMPACTNESS 1 2 21.3 MS At2 9.3 4.64 2.94 2.41
COMPACTNESS 2 2 21.3 MS At2 9.3 7.26 2.85 2.31
ROUNDNESS 2 2 21.3 MS At2 9.3 2.98 2.48
COMPACTNESS 0 2 21.3 MS At2 9.3 3.45 2.92 2.40
COMPACTNESS 4 2 21.3 MS At2 9.3 3.73 2.84 2.57
COMPACTNESS 1 2 29.854 nga1126 6.14 2.94 2.41
COMPACTNESS 0 2 29.854 nga1126 4.84 2.92 2.40
COMPACTNESS 4 2 29.854 nga1126 2.94 2.84 2.57
COMPACTNESS 2 2 29.854 nga1126 7.47 2.85 2.31
COMPACTNESS 3 2 29.854 nga1126 5.86 2.58 2.46
COMPACTNESS 1 2 34.884 MS At2 12.4 6.07 2.94 2.41
COMPACTNESS 2 2 34.884 MS At2 12.4 9.20 2.85 2.31
COMPACTNESS 0 2 34.884 MS At2 12.4 4.78 2.92 2.40
COMPACTNESS 3 2 34.884 MS At2 12.4 7.73 2.58 2.46
ROUNDNESS 2 2 34.884 MS At2 12.4 3.41 3.22 2.48
COMPACTNESS 4 2 34.884 MS At2 12.4 4.95 2.84 2.57
COMPACTNESS 2 2 37.374 t32f646516 7.05 2.85 2.31
COMPACTNESS 3 2 37.374 t32f646516 5.81 2.58 2.46
COMPACTNESS 0 2 37.374 t32f646516 3.80 2.92 2.40
Table 3.5: Set of Markers over permutation threshold at 5% and 10% significancy level - Shape
Descriptor by DAE (ShapeD X) phenotypes
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Descriptor chr pos..cM. marker LOD 5% Threshold 10% Threshold
ROUNDNESS 2 2 37.374 t32f646516 2.74 2.48
COMPACTNESS 1 2 37.374 t32f646516 4.60 2.94 2.41
COMPACTNESS 4 2 37.374 t32f646516 3.58 2.84 2.57
COMPACTNESS 1 2 40.474 MS At2 14.9 2.84 2.41
COMPACTNESS 0 2 40.474 MS At2 14.9 2.57 2.40
COMPACTNESS 2 2 40.474 MS At2 14.9 4.44 2.85 2.31
COMPACTNESS 3 2 40.474 MS At2 14.9 3.52 2.58 2.46
COMPACTNESS 3 2 44.08 t6a23ind10-10 2.58 2.58 2.46
COMPACTNESS 2 2 44.08 t6a23ind10-10 2.98 2.85 2.31
COMPACTNESS 3 2 54.615 athbio2b 2.48 2.46
ROUNDNESS2 4 2 54.615 athbio2b 2.50 2.35
ROUNDNESS2 4 3 16.768 nga162 2.88 2.75 2.35
ROUNDNESS2 4 3 22.457 MS At3 6.5 3.49 2.75 2.35
ROUNDNESS2 4 3 27.007 msd2129380 3.31 2.75 2.35
ROUNDNESS 3 3 44.753 mzn14ind29-29 3.37 2.68 2.41
ISOTROPY 0 3 44.753 mzn14ind29-29 2.47 2.31 1.96
ROUNDNESS 3 3 52.389 k11j14ind16-16 3.31 2.68 2.41
ROUNDNESS 4 3 52.389 k11j14ind16-16 3.50 2.68 2.51
ROUNDNESS 3 3 57.967 MS At3 16.0 a 3.39 2.68 2.41
ROUNDNESS 4 3 57.967 MS At3 16.0 a 3.75 2.68 2.51
ROUNDNESS 4 3 73.811 MS At3 18.2 4.38 2.68 2.51
COMPACTNESS 0 3 73.811 MS At3 18.2 2.94 2.92 2.40
COMPACTNESS 2 3 73.811 MS At3 18.2 2.84 2.31
ROUNDNESS 2 3 73.811 MS At3 18.2 3.45 3.22 2.48
ISOTROPY 0 3 77.507 t16k521877 2.25 1.96
COMPACTNESS 2 3 77.507 t16k521877 5.75 2.85 2.31
COMPACTNESS 1 3 77.507 t16k521877 4.05 2.94 2.41
ISOTROPY 1 3 77.507 t16k521877 2.45 2.30
ROUNDNESS 4 3 77.507 t16k521877 5.46 2.68 2.51
ROUNDNESS 3 3 77.507 t16k521877 2.96 2.68 2.41
COMPACTNESS 4 3 77.507 t16k521877 3.11 2.84 2.57
Table 3.5: Set of Markers over permutation threshold at 5% and 10% significancy level - Shape
Descriptor by DAE (ShapeD X) phenotypes
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Descriptor chr pos..cM. marker LOD 5% Threshold 10% Threshold
COMPACTNESS 3 3 77.507 t16k521877 3.81 2.58 2.46
COMPACTNESS 0 3 77.507 t16k521877 4.40 2.92 2.40
ROUNDNESS 2 3 77.507 t16k521877 5.69 3.22 2.48
ROUNDNESS 1 3 77.507 t16k521877 3.47 3.13 2.60
ROUNDNESS 2 3 89.533 athcdc2bg 10.37 3.22 2.48
ISOTROPY 1 3 89.533 athcdc2bg 4.65 2.91 2.30
ROUNDNESS 0 3 89.533 athcdc2bg 2.67 2.55 2.36
ROUNDNESS 1 3 89.533 athcdc2bg 5.96 3.13 2.60
COMPACTNESS 2 3 89.533 athcdc2bg 11.66 2.85 2.31
ISOTROPY 0 3 89.533 athcdc2bg 3.30 2.31 1.96
COMPACTNESS 1 3 89.533 athcdc2bg 8.45 2.94 2.41
COMPACTNESS 4 3 89.533 athcdc2bg 7.37 2.84 2.57
COMPACTNESS 0 3 89.533 athcdc2bg 6.33 2.92 2.40
ROUNDNESS2 2 3 89.533 athcdc2bg 2.97 2.57 2.36
ROUNDNESS 4 3 89.533 athcdc2bg 7.91 2.68 2.51
ISOTROPY 3 3 89.533 athcdc2bg 3.31 2.51 2.29
ROUNDNESS 3 3 89.533 athcdc2bg 6.44 2.68 2.41
COMPACTNESS 3 3 89.533 athcdc2bg 9.24 2.58 2.46
ISOTROPY 2 3 89.533 athcdc2bg 2.64 2.63 2.40
PERIMETER MM 2 3 99.938 nga6 2.48 2.17
COMPACTNESS 0 3 99.938 nga6 8.24 2.92 2.40
COMPACTNESS 3 3 99.938 nga6 10.23 2.58 2.46
PERIMETER MM 4 3 99.938 nga6 2.94 2.89 2.49
ROUNDNESS 1 3 99.938 nga6 7.41 3.13 2.60
ROUNDNESS 4 3 99.938 nga6 5.89 2.68 2.51
ISOTROPY 0 3 99.938 nga6 2.60 2.31 1.96
COMPACTNESS 1 3 99.938 nga6 10.14 2.94 2.41
ROUNDNESS 0 3 99.938 nga6 4.03 2.55 2.36
ISOTROPY 1 3 99.938 nga6 4.23 2.91 2.30
ROUNDNESS 3 3 99.938 nga6 6.08 2.68 2.41
ROUNDNESS 2 3 99.938 nga6 12.58 3.22 2.48
Table 3.5: Set of Markers over permutation threshold at 5% and 10% significancy level - Shape
Descriptor by DAE (ShapeD X) phenotypes
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Descriptor chr pos..cM. marker LOD 5% Threshold 10% Threshold
COMPACTNESS 4 3 99.938 nga6 8.28 2.84 2.57
ISOTROPY 3 3 99.938 nga6 3.72 2.51 2.29
COMPACTNESS 2 3 99.938 nga6 13.63 2.85 2.31
ISOTROPY 2 3 99.938 nga6 3.13 2.63 2.40
ROUNDNESS 0 4 29.052 det1.2 2.79 2.55 2.36
ROUNDNESS 4 4 29.052 det1.2 3.40 2.68 2.51
ROUNDNESS 0 4 29.661 f28m11ind22-22 2.94 2.55 2.36
ROUNDNESS 4 4 29.661 f28m11ind22-22 3.67 2.68 2.51
PERIMETER MM 2 4 41.003 ciw6 3.16 2.60 2.17
COMPACTNESS 1 4 41.003 ciw6 2.48 2.41
PERIMETER MM 4 4 41.003 ciw6 3.61 2.89 2.49
COMPACTNESS 3 4 41.003 ciw6 2.83 2.58 2.46
ROUNDNESS 4 4 41.003 ciw6 5.15 2.68 2.51
ROUNDNESS 1 4 41.003 ciw6 6.56 3.13 2.60
ROUNDNESS 0 4 41.003 ciw6 6.83 2.55 2.36
PERIMETER MM 3 4 41.003 ciw6 2.90 2.87 2.43
COMPACTNESS 0 4 41.003 ciw6 4.85 2.92 2.40
COMPACTNESS 2 4 41.003 ciw6 2.67 2.31
ROUNDNESS 2 4 41.003 ciw6 4.89 3.22 2.48
ROUNDNESS 3 4 41.003 ciw6 3.51 2.68 2.41
ROUNDNESS 0 4 44.925 MS At4 8.3 4.87 2.55 2.36
COMPACTNESS 3 4 44.925 MS At4 8.3 2.99 2.58 2.46
ROUNDNESS 2 4 44.925 MS At4 8.3 3.88 3.22 2.48
ROUNDNESS 1 4 44.925 MS At4 8.3 5.18 3.13 2.60
COMPACTNESS 4 4 44.925 MS At4 8.3 2.88 2.84 2.57
ROUNDNESS 4 4 44.925 MS At4 8.3 4.66 2.68 2.51
ROUNDNESS 3 4 44.925 MS At4 8.3 3.20 2.68 2.41
COMPACTNESS 0 4 44.925 MS At4 8.3 3.79 2.92 2.40
ROUNDNESS 1 4 49.896 MS At4 9.3 3.14 3.13 2.60
ROUNDNESS 0 4 49.896 MS At4 9.3 3.34 2.55 2.36
ROUNDNESS 4 4 65.517 f22k18ind3-3 2.96 2.68 2.51
Table 3.5: Set of Markers over permutation threshold at 5% and 10% significancy level - Shape
Descriptor by DAE (ShapeD X) phenotypes
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Descriptor chr pos..cM. marker LOD 5% Threshold 10% Threshold
COMPACTNESS 4 4 65.517 f22k18ind3-3 2.67 2.57
ROUNDNESS 2 5 100.049 mqj2ind8-8 4.64 3.22 2.48
COMPACTNESS 3 5 100.049 mqj2ind8-8 3.49 2.58 2.46
COMPACTNESS 2 5 100.049 mqj2ind8-8 5.30 2.85 2.31
COMPACTNESS 3 5 85.452 mql58836 3.29 2.58 2.46
COMPACTNESS 2 5 85.452 mql58836 3.96 2.85 2.31
COMPACTNESS 2 5 85.491 nga129 3.97 2.85 2.31
COMPACTNESS 3 5 85.491 nga129 3.30 2.58 2.46
COMPACTNESS 4 5 88.673 MS At5 21.3 3.14 2.84 2.57
ROUNDNESS 2 5 88.673 MS At5 21.3 3.31 3.22 2.48
COMPACTNESS 3 5 88.673 MS At5 21.3 4.09 2.58 2.46
ROUNDNESS 3 5 88.673 MS At5 21.3 2.45 2.41
COMPACTNESS 2 5 88.673 MS At5 21.3 4.90 2.85 2.31
COMPACTNESS 3 5 92.904 jv65-66 4.94 2.58 2.46
COMPACTNESS 2 5 92.904 jv65-66 6.10 2.85 2.31
ROUNDNESS 2 5 92.904 jv65-66 4.66 3.22 2.48
COMPACTNESS 4 5 92.904 jv65-66 3.73 2.84 2.57
ROUNDNESS 3 5 92.904 jv65-66 2.51 2.41
Table 3.5: Set of Markers over permutation threshold at 5% and 10% significancy level - Shape
Descriptor by DAE (ShapeDescriptor DAE) phenotypes
Page 114
CHAPTER 3. QTL Odin Moron Garcia
Descriptor chr pos..cM. marker LOD 5% Threshold 10% Threshold
AREA MM.B 1 113.504 nga111 3.02 2.75 2.44
ROUNDNESS.A 1 113.504 nga111 2.81 2.51 2.24
ROUNDNESS.A 1 124.009 MS At1 29.6 3.77 2.51 2.24
AREA MM.B 1 124.009 MS At1 29.6 3.68 2.75 2.44
RMS.B 1 38.807 f9h16ind26-26 2.56 2.34 2.12
COMPACTNESS.A 2 21.3 MS At2 9.3 2.85 2.38
COMPACTNESS.A 2 29.854 nga1126 4.87 2.90 2.38
SOL.B 2 29.854 nga1126 3.07 2.53 2.15
COMPACTNESS.A 2 34.884 MS At2 12.4 4.58 2.90 2.38
SOL.B 2 34.884 MS At2 12.4 4.43 2.53 2.15
SOL.B 2 37.374 t32f646516 3.95 2.53 2.15
COMPACTNESS.A 2 37.374 t32f646516 3.75 2.90 2.38
SOL.B 2 40.474 MS At2 14.9 3.33 2.53 2.15
COMPACTNESS.A 2 40.474 MS At2 14.9 2.71 2.38
SOL.B 2 44.08 t6a23ind10-10 3.00 2.53 2.15
ROUNDNESS2.B 3 27.007 msd2129380 2.44 2.42 2.27
COMPACTNESS.A 3 73.811 MS At3 18.2 4.12 2.90 2.38
COMPACTNESS.A 3 77.507 t16k521877 6.26 2.90 2.38
ROUNDNESS.A 3 77.507 t16k521877 2.43 2.24
ISOTROPY.A 3 77.507 t16k521877 3.14 2.78 2.25
ROUNDNESS.A 3 89.533 athcdc2bg 3.46 2.51 2.24
ISOTROPY.A 3 89.533 athcdc2bg 3.46 2.78 2.25
COMPACTNESS.A 3 89.533 athcdc2bg 8.93 2.90 2.38
ROUNDNESS.B 3 89.533 athcdc2bg 3.64 2.14 2.05
ISOTROPY.A 3 99.938 nga6 3.68 2.78 2.25
COMPACTNESS.A 3 99.938 nga6 9.81 2.90 2.38
ROUNDNESS.B 3 99.938 nga6 3.08 2.14 2.05
ROUNDNESS.A 3 99.938 nga6 4.75 2.51 2.24
COMPACTNESS.A 4 41.003 ciw6 4.14 2.90 2.38
ROUNDNESS.A 4 41.003 ciw6 6.33 2.51 2.24
Table 3.6: Set of Markers over permutation threshold at 5% and 10% significancy level -
Intercept (A) and Slope (B) of a geometrical model
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Descriptor chr pos..cM. marker LOD 5% Threshold 10% Threshold
COMPACTNESS.A 4 44.925 MS At4 8.3 2.78 2.38
ROUNDNESS.A 4 44.925 MS At4 8.3 4.66 2.51 2.24
ROUNDNESS.A 4 49.896 MS At4 9.3 2.99 2.51 2.24
ROUNDNESS.B 5 88.673 MS At5 21.3 2.19 2.14 2.05
Table 3.6: Set of Markers over permutation threshold at 5% and 10% significancy level -
Intercept (A) and Slope (B) of a geometrical model
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with 5% threshold of 2.53). The QTL at the end of chromosome 3 has a very high LOD for
Compactness Intercept (LOD = 9.81 with 5% threshold at 2.90), but also Isotropy Intercept
and Roundness Intercept and Slope. Some other possible QTLs appear by this approach.
A possible QTL at the middle of the chromosome one is only supported by the slope of the
Rotational Mass Symmetry (LOD = 2.56 over 5% threshold of 2.34). At the end of chromosome
1, Roundness Intercept and Area Slope (equivalent to growth rate) indicate a possible QTL
with LOD scores over 3 and threshold around 2.50. A peak at the middle of chromosome 4
is significant for Roundness and Compactness Intercepts, with maximum LODs for Roundness
Intercept at 6.33 and 4.66 with 5% threshold of 2.51. Finally, a possible peak at the end of
chromosome 5 seems to be associated to Roundness Slope (LOD = 2.19 with 5% threshold of
2.14).
Selected examples have been chosen to further explore QTL results. The shape descriptor
compactness at DAE 2 had LODs’ over the 5% nominal threshold at markers situated at 10.9
and 34.9 cM. These markers, MS At2 2.4 (marker A for short) and MS At2 12.4 (marker B
for short), had LODs of LOD(A) = 3.40 and LOD(B) = 9.20 ,over a 5% threshold of 2.85.
The distribution of phenotypes at marker A (figure 3.21) indicates that genotype AA have a
distribution that ranges from 0.45 to ∼0.75 with mean ∼0.61. Genotype BB ranges from 0.51 to
0.79 with mean ∼0.63. For marker B, genotype AA ranges from 0.45 to 0.79 with mean 0.59, but
0.79 seems to be a leverage point, since the next larger point is at 0.70, genotype BB range from
∼0.51 to 0.75 with mean 0.65. The mean differences assuming normal distributions explaining
LODs over the 5% threshold. A look into the conditional distributions and interaction plots, a
peculiar behaviour is found. It seems that marker 2 has a positive interaction with marker 1
when the latter has genotype AA but almost no interaction when it has genotype BB. This may
be a signal of epistasis with opposite effects or somehow conditional interaction (see Mackay
et al. (2009) for a review on detecting epistasis).
For comparison purposes, a similar analysis can be done by using the previous marker B
with the marker athubique (marker C for short). Marker C did not result as significantly
associated to Compactness 2. No epistatic interaction can be deduced from the interaction
plot (not tested for significance, figure 3.22), since genotype BB at marker C increase average
values identically for all genotypes at marker B. However, an additive effect of marker C seems
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(a) (b) (c)
(d)
Figure 3.21: Marginal and conditional distribution of Compactness DAE 2 according to markers
MS At2 2.4 and MS At2 12.4
a) Marginal distribution for marker MS At2 2.4
b) Marginal distribution for marker MS At2 12.4
c) Conditional distribution according to both markers
d) Interaction plot for the genotypic effects of MS At2 2.4 and MS At2 2.4 on Compactness
DAE 2.
The Interaction plots shows that marker 2.4 affects positively only to one genotype on marker
12.4 but not to the other.
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to happen (not significant at 10% as extracted from LOD scores) since values for genotypes
AA are lower than for BB.
(a) (b)
Figure 3.22: Marginal and conditional distribution of Compactness DAE 2 according to markers
athubique and MS At2 12.4
a) Conditional distribution according to both markers
b) Interaction plot for the genotypic effects of athubique and MS At2 2.4 on Compactness DAE
2.
The Interaction plots shows that marker athubique does not have epistatic interactions with
MS At2 2.4 but both have additive effects on the phenotype .
3.4 Discussion
This experiment aimed to reveal Quantitative Trait Loci related with Arabidopsis thaliana
rosette shape during its juvenile stage. Two natural ecotypes, Cape Verde Island (Cvi) and
Argentat (Ag) - France, showed variation in rosette shape in the experiment described in chapter
2. A cross of these two accessions was bought for the experiment performed in this chapter.
The population is a collection of RILs, produced by selfing for 8 generations after crossing
them. Rosette shape of 8 replicate per RIL was measured using computer vision derived shape
descriptors related with the distribution of pixels in top-view images taken daily.
The parentals, Cvi and Ag, develop their rosette with differences in rosette size, petiole
length and leave shape. Visually, Cvi has shorter petioles and larger leaves than Ag, Cvi leaves
are more elongated, while Ag are more rounded.
The F8 RILs had a distribution of shapes that range beyond the parentals, with multiple
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combinations in phenotypes at lower level than the rosette, e.g petiole length, leaf shape and
size or leave number. This phenomena is called transgressive segregation. Some RILs had
very long petioles with small leaves, other small petioles and big leaves, or just small petioles
and small leaves. It is remarkable the variation within plants in the pictures, where leaf shape
change across new leaves appear and roll out. However, Shape Descriptors can hardly be associ-
ated to low level organ variation, accounting only for overall rosette shape. RILs transgressive
segregation suggest that rosette shape is a polygenic trait whose combinations yield multi-
ple outcomes due to epistasis, complementary genes, rare recessive alleles and overdominance
(Rieseberg et al., 1999).
Thus, it is expected that rosette shape descriptors have a complex genetic architecture
(Rieseberg et al., 2003), that require large populations and dense marker density for QTL
mapping purposes. However, in our study, the experimental population is rather small, 89
lines, and the markers are sparse and in small number. Thus, it is expected than QTLs with
major effects can be found rather than many small effects genes (Symonds et al., 2005; Soller
and Beckmann, 1990).
The combination of several measurements of shapes and measuring days was expected to be
helpful to avoid spurious false positive results and increase the opportunity of finding significant
association. The modelling of QTLs for the five days separately and also as parameters of a
geometrical model is a similar approach as taken by Moore et al. (2013). The idea is to evaluate
the presence of similar QTLs from several, disparate , measurement of shape that covariates to
some extent. Divergent timing in developmental transitions provide the advantage that QTLs
may show different association degree at different time points. For that reason, QTL analysis is
performed separately at each day. As commented by Moore et al. (2013), using function-valued
trait, like fitting a geometrical model, provides a complementary view of the trait, removing
noise and obtaining clearer results.
Several QTLs were consistently signalled as significant. The two most clear were at the
middle of chromosome 2 and at the end of chromosome 3. Not so clear support is found for two
other QTLs in the middle of chromosome 4 and at the end of chromosome 5. The one at the
chromosome 4 emerge from roundness at several days, compactness at day 0, and roundness
intercept, which correspond to the value at day 0, however is not reflected from the roundness
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slope.It is not possible to narrow down these possible QTLs, since markers are around 7cM
apart, and these intervals could contain many genes. The exploration of results yet may provide
more interesting aspects on the the complex genetic architecture of shape descriptors Mackay
et al. (2009). Although it has not been fully explored in this dataset, epistatic interactions
seems to be widespread for morphological traits, suggesting complex regulatory networks on
this kind of traits Mackay (2013). However, from a single experiment and single population,
it is not possible to separate epistasis from variance due to allele frequency (Cheverud and
Routman, 1995).
A comparison between the results in this experiment in the GWAS studing in chapter 2 is
not straightforward. The genetic map in both populations is measured in different units (genetic
(cM) vs physical (bp)), so no matching between regions can be performed. Broadly speaking,
the most intense signal in this experiment, at the middle of chromosome 2 does not correspond
to the potential QTL at the beginning of the chromosome 2 found in the GWAS. For the QTL
at the end of chromosome 4, it may exist a similarity, since one of the QTLs found here and the
QTL6 found in GWAS seem to be in similar region. However, the two potential QTLs that were
found as not very significant, the one in the middle of chromosome 4 and the one at the end of
chromosome 5 seems to overlap with QTL5 and QTL8, respectively, in the GWAS experiment.
This may be indicative of the different genetic structure of both population. In the GWAS the
genetic variation may have result in multiple rare variants controlling the same traits, in other
words evolution may have found different solutions for the same problem. This population is
less diverse, so less genes are expected to differ, and the QTL possibly at chromosome 4 and 5
may not be the most responsible for phenotypic variation in this population.
In order to study deeper these putative QTL, a population that allows for finer mapping is
required. Making an introgression lines population between Cvi and Ag would be ideal to study
separately the effect of these potential QTLs. In the literature no such lines have been found
so that they could not be bought for successive experiments. However, the MAGIC population
developed by Kover et al. (2009) from 19 natural accessions has shown phenotypic variation
for rosette traits (Camargo et al., 2014) and will be use for fine mapping purposes in the next
chapter.
Other approaches could be taken to analyse this population. For example, genotyping this
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population with the same markers developed in the GWAS study would allow to compare maps
in both experiments, but also to approximate finer to the QTLs position. Also (Gan et al.,
2011) provide sequences for the 96 accessions studied by Atwell et al. (2010). Bioinformatic
analysis of the sequence of Cvi and Ag could provide some insights on the genetic difference for
candidate genes. Finally, the study of leaf descriptors, instead of whole rosette, would allow to
study the correlation between traits such as petiole length and leaf size. The observations seems
to indicate that in natural accessions petiole length and leaf size could correlate negatively, but
the same my not happen in the RILs. If the traits are independent in the cross, this could
indicate that both traits are genetically controlled by diffent pathway but in natural accessions
the phenotypic correlation could be due to evolutionary forces. On the other hand, if the
correlation persist in natural accessions and crosses may be indicative of common regulation
and integration Searle (1961); Cheverud (1982); Wagner (1984).
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Chapter 4
Association Mapping - Arabidopsis
MAGIC Population
4.1 Introduction
Arabidopsis Multiparent Advanced Generation Intercross (MAGIC) population (Kover et al.,
2009) has been phenotyped for rosette shape descriptor at juvenile stage for QTL fine-mapping
purposes.
In chapters 2 and 3, two techniques for shape descriptors QTL mapping has been applied
to a natural ecotypes population, GWAS, and a biparental cross population, Linkage Mapping.
In both experiments a set of potential QTLs has been found but the mapping resolution was
not enough to locate candidate genes in them. Association mapping on MAGIC populations
offer the advantage of GWAS in natural populations, basically finer mapping than biparental
crosses, without the drawback of false positives due to population structure. It is expected
that Association Mapping on the MAGIC population would allow a deeper view on the genetic
architecture of rosette shape.
In general, MAGIC populations are multi-parental crosses, typically 4,6 or 8, in a diallelic
cross mating schema. The election of genotypically and phenotipically diverse parentals ensures
enough genetic variation to explore the genetic architecture of complex traits. After crossing
the parentals, several generations of selfing are achieved until ensure Recombinant Inbred Lines
that are (nearly) genome-wide homozygous, so the population becomes genetically fixed. This
“immortal” population can be phenotyped for several traits multiple times, since the genetic
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composition of the lines does not change.
Kover et al. (2009) generated an Arabidopsis MAGIC population from 19 parentals, crossed
for 4 generations and then selfed for 6 generations. The result is a population of 527 RILs
whose genomes contain a mixture of the genome of 9.94 parentals in average. These RILs and
the 19 parentals were genotyped for 1260 SNPs.
The association mapping method proposed for this MAGIC population has been imple-
mented in a software package for R called happy.hbrem. The general strategy is as follows.
Each line is reconstructed as a mosaic of founder, i.e. parental, haplotypes. This means
that for every SNP genotyped, the probability of Identity by Descent from every parental is
calculated and with it the ancestral haplotypes. Thus, each SNP, instead of remain as biallelic
polymorphysm, e.g A/G, has turned to have as many alleles as the number of founders, e.g SNP
1 at RIL 1 comes from Col-0 so has the Col-0 allele, and SNP 1 at RIL 125 coming from Ler-0
would have the Ler-0 allele. This is a midpoint strategy between using haplotype tagging and
biallelic markers that allows to assign positive or negative effect in the trait to the founders’
genome.
The association mapping strategy work through several stages. The first step is a standard
genomic scan where each SNP is interrogated for statistical association between phenotypic
and genetic variation, through a multiple linear regression model (equation 4.1). In this model,
y is the phenotypic value, i is the individual (e.g RIL 1), L is the locus (e.g SNP 1), s is the
founder haplotype (e.g Col-0), P
(L)
is is the probability of the individual i having inherited the
locus L from the founder s. P
(L)






is · βs + ei (4.1)
A second step takes the result of the genomic scan to fit a multiple QTL model using the
80% of RILs. A resampling procedure, 500 repetitions, provides the measure of support for a
QTL. Relevant details about the methods that goes beyond the interest of this thesis can be
found at Kover et al. (2009); Valdar et al. (2009); Sen and Churchill (2001); Mott et al. (2000).
According to Kover et al. (2009), the resolution of this method for association mapping in this
population lies to around ∼6Mb corresponding to ∼300Mb, for traits with a 10% effect size.
In this chapter the MAGIC population grew into the PlantScreen phenotyping device, being
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phenotyped daily for shape descriptors. Association mapping was performed for all descriptors
and day combination and a Principal Components calculated on the descriptors.
4.2 Material and Methods.
4.2.1 MAGIC population
This population was generated from 19 parental accessions sequenced and analysed by Gan
et al. (2011). The parental were intermated for four generations as described by Scarcelli
et al. (2007) and inbred for other 6 generations. These RILs are considered homozygous for
every marker, although some residual heterozygosity may remain. Hence, it is considered an
’immortal’ population whose genotype does not change while reproduced by selfing. The whole
set of RILs were genotyped for 1260 SNPs at a average distance of 100kb (Gan et al., 2011).
This population has been phenotyped for gene fine-mapping purposes in several papers.
Kover et al. (2009) tested the population for time-to-event life-history traits such as Days to
germination, Days to bolting, Days to flowering (under long and short days) and for morpholog-
ical related traits such as Erecta and Glabrous phenotypes (two mutant phenotypes that affect
the structure of the plant, Erecta, and the absence of trichomes, Glabrous). Other studies have
focused in more ecological traits exploiting the genetic and phenotypic variation of the MAGIC
population. As examples, Ehrenreich et al. (2009) and Banta et al. (2012) studied flowering
phenology and its interaction with niche breadth, Gnan et al. (2014) analysed the genetic basis
of seed size, number and its trade-off, Springate and Kover (2013) simulated climate warming
and its effects on phenotypic plasticity (Springate et al., 2011).
4.2.2 Experimental Set up
The MAGIC RILs seedlings were grown initially at Aberyswyth University botanic gardens and
later moved onto Natoinal Plant Phenomics Centers’ PlantScreen phenotyping device. RILs
were planted in three staggered, partially overlapping, assays (see figure 4.1 ). Each assay
contained 3 replicates of, respectively, 161, 164 and 160 RILs, with no common RILs between
them. Together with those RILs, three replicates of three natural accessions, Col-0, Ct-1 and
Sf-2, were planted in the three assays (see figure 4.2). The role of these common accessions is
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to serve as check of between assay similarity of conditions as can be seen at figure 4.4. As a
note, only one replicate of Ct-1 germinate in the second and the third assay resulting in less
replication than originally intended; One replicate of Sf-2 is missing also from assay 3.
Figure 4.1: Gantt Chart showing Assay Temporal Schema – Starting date of every bar was the
day that plants were placed into the PlantScreen Device
Figure 4.2: Schematic representation of RILs distribution in the experiment. Each “assay”
contains ∼ 160 RILS. In a assay 3 replicates of each RIL plus 3 replicates of Ecotypes Col-0,
Ct-1 and Sf2 are growing together in a randomized position. There is no common RILs between
assays
Seeds were kept in vernalization for 28 days at 4oC in a dark room.After germination,
seedlings were transferred to a glasshouse for 3 days at 14 hours day length and temperature
range of 18oC, during day and 15oC, during night. Afterwards, individual seedlings were trans-
planted into circular 6 cm pots 50% filled with vermiculite at bottom (to restrict plant growth
by keeping nutrient levels low) and top-filled with Levington F1/ 20% grit/sand compost. The
seedlings were kept in the glasshouse after watering and covered with a transparent lid for
2 days for acclimation. Before going onto the conveyors, individuals were distributed in 5x4
pots per trays (figure 4.3) in three spatially randomised blocks. Each block contained a single
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replicate of every RILs, so three blocks were equivalent of having three replicates of the assay.
Three days later, all trays were placed into the PlantScreen (Photon Systems Instrument, Brno,
Czech Republic) phenotyping device. Therefore, the three assays started 36 days after sowing.
For easier interpretation, Days After Experiment started (DAE) counts as the number of days
that plant were into the conveyor system. The translation from DAE to DAS would then be
DAS = 36 +DAE[days].
Figure 4.3: Example of MAGIC population experiment 5x4 tray(Pots with four plants belong
to a parallel experiment).
The system watered pots daily to a pre-defined target weight of 75% of field capacity. The
conditions were similar for the 3 assays performed. Assay 1 lasted for 20 days, while assay 2
lasted for 23 days and assay 3 for 18 days. The differences between assays duration was due
to differential flowering time of individuals. Plants were maintained on the phenotyping device
until all of them were flowering and their size were too large to being handled by the system.
However, the analyses are performed for the first 10 days, due of some plants started flowering
around that day, and algae started growing on the soil. Both, flowers and algae reduced the
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quality of image segmentation dramatically.
4.2.3 Computational methods
Image processing and Shape Descriptors
The image processing and shape descriptors calculations are automatically performed by PlantScreen
internal software. The explanation of the pipeline and shape descriptors calculated is provided
in chapter 3. Shape descriptors were transformed to Principal Components in order to get
variables for “pure” shape, independent of size and uncorrelated with any other. As it was
observed in chapters 2 and 3, descriptors correlate due to shared information of rosette shape.
The idea is to conflate the important shape components into several orthogonal variables.
Data Management
All data management has been performed using R programming language and a set of packages
associated to it. Data management and graphs were made with extensively use of Hadley
Wickham’s set of packages, plyr, tidyr, dplyr and ggplot2. The function princomp was chosen
for Principal component analysis. The function lme from package lmer was the election for the
general lineal mixed models needed to calculate the Analysis of Variance using genotypes as
random models. The function varcomp from the package ape aided to extract the components
of variance for broad heritability calculations.
Broad-sense heritability
Broad heritability was calculated by a linear mixed model with the lme function (package nlme)
in R. The model ShapeDescriptor = W · σAssay + Z · σRIL + σerror was used to separate the
genetic variance, due to RILS, assay and the phenotypic errors. RILs identifier, e.g. RIL-1,
serve as random factor accounting for genotype variation, noted as Z. Assay, noted as W
is a fixed effect accounting for variation between assays. The environmental error is the the
remainder error σEnvironment = σerror. Broad heritability was calculated as
σRIL
σRIL+σAssay+σerror
using the function varcomp (package ape) in R.
Broad heritability provides the amount of phenotypic variability explained by the genotype
variation. Low heritabilites, for example under 40%, would indicate that within genotype
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variation is high, thus genotypes averages may be close but with high variability. This would
mean that a rosettes of a genotype would be similar to a rosette of some other genotype
rather to other rosettes of the same phenotype. This would be a falsation of our observation
of similarity between ecotypes (see Introduction chapter). In addition, Association Mapping
of traits with low heritability cannot be trust, since the mapping is based in the phenotypic
differences between individuals with different genetic background. It is possible to quantify the
heritability of a trait based in single or multiple genetic loci variation (Falconer and Mackay,
1996), although this approach is not taken here.
Association Mapping.
RIL-averaged traits were used as input for association mapping with the R package happy.hbrem.
This package was specifically designed for MAGIC association mapping and originally used with
the Arabidopsis MAGIC population(Kover et al., 2009).
The function prepare.database() collect TAIR9-based SNPs physical map and RILs geno-
types to reconstruct the parental haplotype mosaic of RILs chromosomes. The details of the
method are beyond the interest of this chapter. It uses a dynamic programming algorithm,
calling a Hidden Markov Model, to calculate the probability of a SNP being descent from a
founder according to upstream markers (Kover et al., 2009). Kover et al. (2009) assure that
haplotype reconstruction ascertain the founder of origin “with high probabilities”, with the ex-
ception of chromosome borders, centromeres and recombination breakpoints. The result of this
step is saved into a set of files and R scripts available for subsequent QTL mapping analysis.
The function scan.phenotypes read files containing a data matrix with MAGIC RIL per row
and phenotypes on columns. First, the happy sub-function performs a genome scan for evidence
of a QTL associated with the phenotype. The next step, a second method named Hierachical
Bayesian modelling, or hbrem, is called on the results of the genomic scan. The function fits
a model of phenotypic values on the genotypic value of every SNP. It is done using a random
effect model, calculating the proportion of variance explained by each founder out of the total
phenotypic variance.
The last step in the procedure is a 500 times resampling and multiple QTL model fitting.
This serves to measure the support for QTLs. The result is a genome-wide value that in case
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to match a genome-wide threshold of 5.8% may indicate the presence of a QTL on an interval
(Kover et al., 2009). Finally, QTL location is then defined as the marker with largest -logP-value
(from the hbrem step), and the interval where other SNPs reach a large enough genome-wide
P-value (from the resampling procedure).
The function returns a list of possible QTLs, with the significance as logarithm of p-values,
the genome-wide value and the position of the peak marker, also the calculated interval region
with genome-wide value over the threshold (5.8%). In addition, the software saves the influence
of the imputed parental-of-origin for every SNP marker that shows statistical association with
the phenotype and boxplots of phenotypic distribution for each (parental) allele at each QTL.
Finally a genome-wide Manhattan-like plot of SNPs p-values corrected by permutation test
helps to discriminate potential QTLs.
QTL mapping algorithms were applied to our Shape Descriptors by DAE traits. First
a model without covariables was used and afterwards a model with the markers ER 475 as
covariate to compensate for peaks close to Erecta (ER) gene at chromosomes 2 .
Shape QTL a posteriori Analysis
Every Shape Descriptors - DAE combination results in either 0 or several genome intervals
associated to them. The resulting intervals overlap in different descriptors and DAEs. The
union of overlapping intervals in different traits provides a rough description of the broad
genetic architecture of shape related traits and diminish the redundancy in the intervals.
Several stragegies has been followed to identify potential causal genes within broader loci.
Initially, every peak marker, i.e. signalled by association mapping as a significant hit, was
searched in the TAIR9 database (arabidopsis.org) to locate which gene, if any, was underlying
the marker. For each of those locus, the gene description was inspected to observe any known
possible relationship between leaf, petiole or rosette and shape, size or developmental biology.
Secondly, whole set of markers within joint intervals were searched in the same TAIR9
database, retrieving all annotated genes within or overlapping such intervals. This was per-
formed using the software suite bedtools in a Linux based High Performance Computer, and
the TAIR9 annotated genome file.
Finally, all genes found, either under peak markers or within intervals, were confronted
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against a public dataset of Arabidopsis rosette shape related genes named PhenoLeaf (Wilson-
Sa´nchez et al., 2014). Gene Enrichment was calculated by means of the hipergeometrical test
in R. This Gene Enrichment was applied separately to the genes under the peak markers, the
genes within the joint intervals and those genes from PhenoLeaf that were found either under
peak markers and within the joint intervals.
4.3 Results
4.3.1 Phenotypic Variation and correlation.
A first exploration of experimental results allows us to evaluate the homogeneity between the
three assays. It is done by checking the phenotypic variation on parental accessions (figure 4.4)
and the set of all RILs (figure 4.5).
Area and perimeter show an exponential growth throughout time as would be expected from
a juvenile plant growing. However, the shape descriptors have a more variable pattern along
time. Rosette area growth shows accession Ct-1 growing faster than Col-0 and Sf-2, being this
two similar. However, looking at the perimeter, it is Col-0 accession which grows at a slower
rate than the other two accessions, that keep growing similarly. This may indicate variation of
shape captured by differences in the relationship area-perimeter for a rosette, which is actually
exploited by roundness.
The other shape descriptors can be grouped according to their behaviour along time.
Isotropy and roundness are decreasing through plants development. Isotropy for Col-0 do
not decrease after day 5 as the other two accessions do. Roundness shows a similar pattern,
except that is negatively decreasing from DAE 0 to 10. Sf-2 keeps a less round pattern than
Col-0. Ct-1 seems to be more similar to Col-0 during the first 5 days, and closer to Sf-2 by
the end of the experiments. Eccentricity, roundness2 and RMS have a similar pattern between
them. Eccentricity and RMS decrease through time for Col-0 and Ct-1 but not for Sf-2. This
may be the result of longer petioles in Sf-2 after day 5, when start increasing. The slope for Sf-2
accession in these descriptors separate it from the others two. Roundness2 show the inverted
behaviour than RMS and eccentricity, that is, when RMS increases roundness2 decreases and
vice-versa. Compactness seems to be constant for accessions Col-0 and Ct-1 but decreasing for
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Figure 4.5: Shape Descriptors Trajectories through time –Parental Natural Accessions and
RILs. Variables have been scaled (value−µ
σ
) for comparison purposes. Variance has been calculate
by the loess procedure (smooth by local polynomial regression fitting)
Sf-2 suggesting that it discriminate between dense/loose rosette habit.Slender of leaves seems
correlating with perimeter, growing faster for Ct-1 and Sf-2 than for Col-0.
For all the descriptors time trajectories, the pooled values for RILs are kept in between the
parental strains (figure 4.5). This is expected since they have been pooled so number of plants
is very large so variance is very small.
In summary, the three parental accessions show differences between the descriptors, with
different descriptors able to group differently the time trajectories of them. Using the parental
ecotypes as examples we can assume that these descriptors are valid to account for differences
between rosette shapes, but a similar analysis for RILs would be impracticable due to the high
amount of genotypes. Figure 4.4 suggest that the three parental accessions may have been
growing faster in the assay 1 than in the other 2.
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Correlation between descriptors
Pearson correlation between Shape descriptors confirms the similarities among their pattern
through time (see figure 4.6). Isotropy, roundness and compactness are correlated positively,
in a range between 0.49 to 0.7. Roundness2 and eccentricity are strongly correlated with
|corr| > 0.8. Finally, area and perimeter are correlating with a value of 0.7. The correlation
between Shape Descriptors and area or perimeter is over 0.5 for most of the descriptors. Only
compactness and roundness does not correlate with neither area nor perimeter.
The correlation between shape descriptors and size-related variables, i.e. perimeter and
area, support to perform a Principal Component analysis to separate the influence of size into
shape.
Figure 4.6: Correlation Plot of Shape Descriptor Values - Pearson correlation is indicated by
color, number enclosed in the squares and ellipse eccentricity
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Principal Component Analysis
Principal Component Analysis (PCA) is performed using the correlation matrix calculated over
RILs indidual values, rather than averages, of the nine Shape Descriptors and pooling values
from all days. Eigenvectors were calculated to obtain the Principal Component loadings and
their associated eigenvalues. Eigenvalues provide the amount of variation explained. Figure
4.7a indicates that the first PC retain almost 50% of variance in shape descriptors, and the
second rise up to around 75%.
Principal components coefficients (see figure 4.7b and Table 4.1) show that Principal Com-
ponent 1, 3, 5, 6 and 9 are influenced by area. Principal Component 1 is also influenced by
perimeter, so we can assume that PC1 retains most of the variation due to size, while PC2
contain most of the shape variation. The rest PCs, from 3 to 9, seem to have a more mixed
combination of shape and size.
To help to visualize the effect of PCA transform on measurements, figure 4.7b shows PCA
loadings on the PC1-PC2 space and figure2 4.7c and 4.7d illustrate the rotation of values in
the axis PC1-PC2. Principal Component 1 retains 47% of variation by including area (0.42),
perimeter (0.45) and SOL (0.37) as their main positive contribution, but also RMS (-0.36)
and eccentricity (-.38) have large contribution on the negative side. Principal Component 2
retains 24% of variation (71% of cumulative variation) by its contribution of compactness
(0.54), roundness (0.42) and isotropy (0.41), but again RMS (-0.22) and eccentricity (-0.29)
plays a negative role in this component.
To visually clarify the Principal Component Analysis, figures 4.7c and 4.7d presents two
versions of the same scatter plot of PC1 over PC2 for RILs rotated values of Shape Descriptors.
Figure 4.7c is coloured by the original values of area and figure 4.7d by original values of
compactness. Colour gradient in both images indicate that area increase from left to right in
Principal Component one and compactness does it bottom up.
An example of segmented plant has been plotted at the bottom of figure 4.7c. Its PC values
has been plotted along its development in the PC1 vs PC2 scatterplots with a black path. This
example can be used to explore the interpretation of shape descriptors through time. Plant
develops and growth over time, so the path moves from left to right side in PC1. At the same
time, for the 4 first days, the trajectory indicates that the plant are heading towards more
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Figure 4.7: RILs Shape Descriptors Principal Component Analysis. a)top-left: Cumulative
Proportion of Variance explained by Principal Components b)Top’Right: Loadings of variables
into Principal Component 1 and 2 c) Bottom Left. Rotation of RILs Shape Descriptors to
Principal Components 1 and 2. Color correspond to area. Black path, Trajectory of one
example plant throughout days. Bottom, images corresponding to plant rosette in the example
d)Bottom Right. Rotation of RILs Shape Descriptor to Principal Components 1 and 2. Color
corresponds to compactness. Red Arrows correspond to four examples shown at the bottom of
the graph. From left to right matches examples from top-down
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positive values of PC2. This is due to some new leaves appearing, existing leaf blades are
growing but petioles remain short. In this stage, the rosette has a more compact and round
habit. After day 4, a sudden drop in PC2 and shorter movement in PC1 indicates that growth
rate may have been reduced and the rosette becomes more sparse. A possible explanation is
that plant has become more eccentric due to the ”northest” leave expansion. For the last 2
days, the plant continues growing but the segmentation artefacts (algae growing on soil) make
the phenotypic values on PC2 rise again toward more compact and round values.
Figure 4.7d has 4 examples of rosettes at the bottom. The four rosettes are signalled in the
PC1-PC2 scatter plot by red arrows. The arrow at top of PC2 correspond to leftmost rosette
picture, the second highest correspond to the second from left picture and so on. Small rosettes
are located at the left side of PC1, corresponding pictures 1,2,4. Compact rosettes, pictures
1 and 2, are on the upper part of PC2. An eccentric rosette, e.g picture 4, is on the bottom
part of the PC2. The biggest rosette, e.g picture 3, is at the rightmost side of PC1. With the
examples and loadings plot, it has been shown that can be assumed that PC1 contain most of
the variation in size (either area or perimeter), while PC2 contains mostly information about
shape.
Table Descriptor PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9
AREA.MM 0.42 0.03 0.31 -0.18 0.38 -0.47 0.16 -0.07 -0.55
COMPACTNESS -0.03 0.54 0.53 0.06 0.09 0.07 -0.63 -0.1 0.12
ECCENTRICITY -0.38 -0.29 0.36 -0.1 0.17 0.12 -0.04 0.75 -0.16
ISOTROPY -0.2 0.41 -0.25 -0.83 0.14 0.1 0.12 0.03 0.04
PERIMETER.MM 0.45 -0.15 0.17 -0.18 0.13 -0.23 0.08 0.24 0.76
RMS -0.36 -0.22 0.32 -0.28 -0.57 -0.51 -0.01 -0.24 0.05
ROUNDNESS -0.28 0.45 0.3 0.31 0.06 -0.04 0.71 0 0.16
ROUNDNESS2 0.31 0.42 -0.19 0.08 -0.57 -0.2 -0.02 0.54 -0.17
SOL 0.37 -0.11 0.42 -0.24 -0.36 0.63 0.24 -0.12 -0.12
Table 4.1: PCA loadings calculated from Shape Descriptors correlation
Heritability
Broad heritability is generally defined as the amount of phenotypic variation explained by
genotypic variation. In here, it helps to elucidate if the population shows enough divergence,
at least some genotypes, to perform and validate the QTL mapping .
Table 4.2 shows the results for the broad heritability per Shape Descriptor and Day. The
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Descriptor 0 1 2 3 4 5 6 7 8 9
AREA.MM 0.62 0.68 0.68 0.68 0.69 0.7 0.68 0.66 0.65 0.62
COMPACTNESS 0.69 0.7 0.64 0.62 0.57 0.52 0.49 0.49 0.52 0.56
ECCENTRICITY 0.39 0.48 0.52 0.47 0.37 0.37 0.18 0.27 0.28 0.28
ISOTROPY 0.16 0.23 0.22 0.23 0.26 0.25 0.23 0.22 0.17 0.21
PC1 0.46 0.6 0.66 0.62 0.6 0.57 0.48 0.47 0.4 0.36
PC2 0.61 0.58 0.52 0.53 0.52 0.5 0.42 0.41 0.4 0.47
PC3 0.43 0.57 0.6 0.49 0.36 0.32 0.27 0.22 0.2 0.19
PC4 0.3 0.21 0.14 0.13 0.13 0.13 0.15 0.15 0.08 0.06
PC5 0.31 0.24 0.16 0.13 0.17 0.18 0.22 0.19 0.15 0.21
PC6 0.19 0.18 0.12 0.16 0.23 0.26 0.21 0.24 0.24 0.24
PC7 0.36 0.4 0.34 0.29 0.31 0.31 0.29 0.32 0.3 0.23
PC8 0.31 0.32 0.24 0.22 0.14 0.09 0.1 0.1 0.1 0.11
PC9 0.42 0.4 0.36 0.37 0.3 0.19 0.23 0.31 0.33 0.41
PERIMETER.MM 0.67 0.74 0.75 0.72 0.72 0.69 0.62 0.58 0.46 0.47
RMS 0.39 0.46 0.43 0.32 0.21 0.17 0.1 0.11 0.17 0.18
ROUNDNESS 0.64 0.7 0.67 0.61 0.59 0.55 0.48 0.46 0.43 0.48
ROUNDNESS2 0.47 0.44 0.43 0.41 0.35 0.34 0.27 0.29 0.28 0.29
SOL 0.62 0.62 0.58 0.49 0.34 0.31 0.21 0.18 0.14 0.12
Table 4.2: Shape Descriptors By Day - Broad Heritability
descriptors area and compactness are well explained by genetic variation for the 10 days of
the experiment, with values over 0.5. Perimeter keeps over this value only for the first 7
days, roundness for 5 days and slender of leaves only for three days. RMS, eccentricity and
roundness2, which correlate between them, are only slightly heritable for the 3 first days and
do not pass the threshold of 0.5. The first two Principal Components show heritabilities over
0.5 only for the 5 first days, but the rest of PC’s only seems associated to genetic variation on
sparse days.
4.3.2 Quantitative Trait Loci Mapping
The software happy.hbrem using a model without covariables found 227 SNPs with a significant
association with Shape Descriptors. The raw results has been collected in the appendices B.1,
that contain the peak markers and the intervals found significant by the software, and B.2,
that contain the effect of each parental on the phenotype for every marker found significant. A
summary with the number of potential QTLs is found at the table 4.3 and figure 4.8 shows the
distribution of QTL markers by Trait and DAE along the genome.
Candidate QTLs are represented by a “peak SNP marker” and a chromosome segment. The
segments contains markers with genome-wide p-value over a significance level established by
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permutation test. Peak marker is the one having highest significance p-value in the segment.
The union of overlapping segments allows gather redundant QTLs regions between Shape De-
scriptors and DAE into possible, more general, QTLs segments. The union of the 227 segments
results in 43 intervals of size ranging from 207 to 30384507 base pairs. At the table B.1 the
joint intervals are represented in black at the top of the figure.
As stated before, the effect size for each parental is estimated. The table B.2 contain the
effect size for every parental per trait and peak marker. A brief descriptions of the most relevant
intervals is provided, followed by an example of allelic distribution of ER 472 on PC2 on day
6.
The largest interval is located at chromosome 2 and might be argued that it is gathering
several smaller intervals. In this region the marker ER 472 is found over the gene ERECTA,
which is known to influence the plant architecture (see discussion). For that reason, Shape
Descriptor data has been re-analysed to incorporate ER 475 as a covariate that could result
in a separation of subintervals. Notice the selection of ER 475, nearby ER 472, to remove the
influence of ERECTA in other markers, but allowing signal still happening in ER 472.
The QTL mapping using ER 475 as covariable found 217 significant QTLs (see table 4.4 and
figure 4.9). Joining the segments as explained before, 41 intervals are found. The lost intervals
is due to gathering 3 segments in the middle of chromosome 5 as single one. Remarkably,
chromosome 2 big interval remain similar to the model without covariables, suggesting there is
not important effect in using the gene ERECTA (located under ER 475) as covariable
The trait Principal Component 2 on day 6 had was associated to the peak ER 472 with -log
p-value ∼10. The effect size for every founder allele is plotted in the figure 4.11. RILs with
the ER 472 alleles imputed to the parentals Can, Hi and Ler have higher values of PC2 than
all the others (tables 4.5 and 4.6). This example show that PC2 is affected by the shape of
the rosette, since RIL-16 (Ler allele) and RIL-164 (Can allele) examples are very compact, as
opposite to RIL-119 (Col allele) and RIL 522(Sf allele). The examples of RIL-317 (Hi) allele
and RIL-507 (Bur allele) are in between those values. Also, Ler, whose completed name is
Landsberg erecta, has a mutation on the gene ERECTA that has strong effect on leaves and
inflorescence structure, which is consistent with the result obtained for the alleles at PC2 6.
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Trait/DAE 0 1 2 3 4 5 6 7 8 9 Trait Total
AREA.MM 0 0 0 0 0 0 0 0 0 2 2
COMPACTNESS 11 4 2 5 2 3 1 8 5 3 44
ECCENTRICITY 0 0 0 4 0 0 1 0 0 0 5
ISOTROPY 0 3 0 1 4 1 1 1 1 1 5
PC1 0 0 0 1 0 0 1 3 3 4 12
PC2 3 2 2 2 3 1 1 5 4 8 31
PC3 1 2 1 8 1 0 0 0 0 1 14
PC4 0 0 0 0 3 2 0 0 0 0 5
PC5 2 0 0 1 0 0 0 0 0 0 3
PC6 0 0 0 1 0 0 0 1 4 0 6
PC7 1 1 0 0 0 0 0 0 0 0 2
PC8 0 0 2 0 0 0 2 0 0 0 4
PC9 1 2 1 1 1 0 0 0 0 0 6
PERIMETER.MM 0 0 2 3 2 1 2 2 5 4 21
ROUNDNESS 4 4 7 1 2 1 4 3 6 8 40
ROUNDNESS2 2 7 0 0 0 1 0 1 0 0 11
SOL 2 3 3 0 0 0 0 0 0 0 8
DAE Total 27 28 20 28 18 10 13 24 28 31 227
Table 4.3: Number of Candidate QTLs - Model without Covariables
Trait/DAE 0 1 2 3 4 5 6 7 8 9 Trait Total
COMPACTNESS 12 3 3 5 2 5 1 6 6 3 46
ECCENTRICITY 0 0 0 0 0 0 1 0 0 0 1
ISOTROPY 0 4 0 0 3 2 1 1 1 1 13
PC1 0 0 0 0 0 0 1 1 3 6 11
PC2 4 2 3 2 3 1 1 6 4 5 31
PC3 1 1 0 5 1 0 0 0 0 1 9
PC4 0 0 0 0 2 3 0 0 0 0 5
PC6 0 0 0 1 0 0 0 1 4 1 7
PC7 1 1 0 0 0 1 0 0 0 0 3
PC8 0 0 1 0 0 0 3 1 0 0 5
PC9 1 2 3 2 1 1 0 0 0 0 10
PERIMETER.MM 0 1 2 1 3 2 4 3 3 4 23
ROUNDNESS 5 5 6 3 3 2 4 4 6 5 43
ROUNDNESS2 2 3 0 0 0 1 0 0 0 0 6
SOL 1 1 2 0 0 0 0 0 0 0 43
DAE Total 27 23 20 19 18 18 16 23 27 26 217
Table 4.4: Number of Candidate QTLs - Model with ER 475 as covariable
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Figure 4.8: QTLs associated to Shape Descriptors - No Covariables
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Figure 4.9: Number of candidate QTLs - Using ER 475 as Covariable
Page 142
CHAPTER 4. MAGIC Odin Moron Garcia
Figure 4.10: QTL profile - PC2 on DAE 6. The marker peak in chromosome 2 corresponds to
ER 472
Figure 4.11: Parental of origin effects of marker ER 472 on Principal Component 2 on day 6
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CHAPTER 4. MAGIC Odin Moron Garcia
4.3.3 Candidate Genes
The extraction of genes contained within the 41 potential QTLs could guide more detailed
research into the potential genes related with rosette morphology. As said above, these 41
genome segments are defined by a peak marker and several other markers surrounding it.
The web portal TAIR contain a set of resources to investigate Arabidopsis thaliana genome.
The markers used to genotype the MAGIC population are contained in their database system.
Thus, looking for markers or chromosome regions in the resources available at TAIR allow to
get and insight into potential candidate genes for further studies.
Genes under peak SNPs
Each peak marker, e.g. ER 472, were searched in TAIR and the result were visually inspected
for genes that could be related with shape phenotype, growth control or similar. Some possibly
related genes are described hereafter. A chromosome map of all genes under peak SNP and the
gene description obtained from TAIR are represented in figure 4.13 and table B.3. The segments
are identified as Interval X, the number of the interval are in order in the chromosome, but
more specific regions are provided at the table B.3. The descriptions are summarized from
TAIR “gene search” results
• Interval 13, at chromosome 1, show high significance (logP >6) at the marker FKF1 606
for roundness and PC7 at DAE 0,1 and 2. This marker is located on top of the gene
FKF1 (AT1G68050), which is related with transition to flowering, but no phenotype has
been associated with variation in this locus.
• Interval 15, at chromosome 2, showed a moderated significativity (logP 3.94) at marker
RGA 1023. This SNP is located on top of the gen RGA1 (AT2G01570). This gene is
involved in the repression of vegetative growth, induced by Gibberelic Acid, and floral
initiation. Some experiments has associated mutants in this gene with dwarf or semi-dwarf
phenotypes
• The interval 17, at chromosome 2, maximum logP ∼6.6, was significant for 15 traits and
days. Mainly, roundness and PC2, at a range of days from 1 to 7. Three of the ’peak mark-
ers’ were on the gene PHYB (AT2G18790). This gene codes for a red/far-red photorecep-
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tor involved in several process in the cell. It is a well known protein related with petiole
elongation and small leaf area. in response to light and shade avoidance.This interval also
contains the marker FDP 733 situated on top of the gene FD paralog (AT2G17770) not
related with any morphological phenotype, but it is a transcription factor involved in the
transition to flowering.
• Interval 18, located at chromosome 2, is the longest interval mapped. Its length is 9.9E6
pair base, around 50% of chromosome 2 length. This interval contains ER 472, which is
the marker on top of the gene ERECTA (AT2G26330). Erecta has been related with the
absence of trichomes, short petioles, a compact rosette, narrow leaves. In this analysis,
variation in the SNP ER 475 has been used as covariate, yet, the logP-value for this
marker remain between the highest, e.g ∼12 for roundness at DAE 7. This marker is
related to isotropy, roundness and PC2.
In the same interval, other markers are found significantly related with Shape Descriptors.
Roundness at DAE 2 to 8 are associated with two markers, MASC05920 and MASC05927
with highest logP-values of ∼15 and 12 respectively. The same markers showed associa-
tion with compactness and PC2. MASC05920 is located on top of the gene AT2G26300,
coding for an alpha subunit of a protein G. Mutants of this gene has been shown to
present reduce cell divisions, round leaves and short hypocotyles. MASC05927 is located
on top of the gene AT2G26240, but no phenotype related with plant architecture has
been reported yet. The marker MN2 11300378, on top of the gen HO2 (AT2G26550),
may have some phenotypes related with the rosette abnormalities in red or far-red lightAll
other markers in this interval do not have any curated phenotype associated with plant
morphology or architecture.
• Interval 30 consist in a single marker, PHYD 2290, on top of PHYD gene at chromosome
4. The gene PHYD encodes for a phytochrome similar to PHYB, but it has not phenotype
associated with rosette structure. Markers’ logP-value is relatively small, around 3.5.
• Interval 31 at chromosome 4 contains 3 markers on top of the same gene, AT4G21820,
with logP-values around 4. This gene encodes for a calmodulin binding protein expressed
in the chloroplast. However, no phenotype related with it has been found.
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• Finally, three markers are on top of genes related with porphyrine metabolism, possible
related with senescence. They were the markers FKF1 606 (interval 13 at chromosome
1), MNSNP4 15765120 (interval 32 at chromosome 4) and MN2 11300378 (interval 18
at chromosome 2). These markers are on top of the genes AT1G680580, AT4G32690
and AT2626550 respectively. They could be related with senescence as well as with
photomorphogenesis. The first two were associated to roundness and PC7 on DAE 0 to
2. The latter one was associated with compactness (DAE 6 and 7) and PC2 (DAE 5 and
9)
Genes On Intervals
A broader search of possible candidate genes consisted on search for genes overlapping the 41
intervals, on the annotated genome of Arabidopsis thaliana release 9 (TAIR9). The genes found
in this search were compared to a set of shape related genes found by Wilson-Sa´nchez et al.
(2014) and released in the Phenoleaf database. The 41 intervals where split in two sets, on one
side the big interval at chromosome 2, and on the other side all the other intervals.
The 40 intervals overlapped with 5667 genes in the TAIR 9 annotated genome. The big
interval by itself alone overlaps with 2910 other genes in the same genome.
The intersection of these genes with PhenoLeaf database is represented in figure 4.14 and
tables 4.7 and 4.8. The set genes on the 40 intervals overlaps with 90 genes in the PhenoLeaf
dataset (table 4.7), while the genes in the big interval overlaps with 49 genes in that dataset
(table 4.7). This make a total of 139 candidate genes whose variation may be affecting the
shape of our MAGIC RILs population.
Gene ID Description
AT1G02480 pre-tRNA. tRNA-Phe (anticodon: GAA)
AT1G02670 Protein of unknown function
AT1G03020 Thioredoxin superfamily protein
AT1G03070 Bax inhibitor-1 family protein
AT1G04730 CHROMOSOME TRANSMISSION FIDELITY 18 (CTF18)
AT1G06320 Protein of unknown function
AT1G06340 Plant Tudor-like protein
Table 4.7: Set on genes within 40 QTL intervals included in PhenoLeaf
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Gene ID Description
AT1G07650 Leucine-rich repeat transmembrane protein kinase
AT1G07660 Histone superfamily protein
AT1G11790 AROGENATE DEHYDRATASE 1 (ADT1)
AT1G35612 Pseudogene of Ulp1 protease family protein
AT1G43690 Ubiquitin interaction motif-containing protein
AT1G47630 CYTOCHROME P450, FAMILY 96, SUBFAMILY A, POLYPEPTIDE 7 (CYP96A7)
AT1G47813 Protein of unknown function
AT1G47890 RECEPTOR LIKE PROTEIN 7 (RLP7)
AT1G48750 Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin superfamily protein
AT1G48950 C3HC zinc finger-like
AT1G49210 RING/U-box superfamily protein
AT1G52240 RHO GUANYL-NUCLEOTIDE EXCHANGE FACTOR 11 (ROPGEF11)
AT2G18790 PHYTOCHROME B (PHYB)
AT3G06270 Protein phosphatase 2C family protein
AT3G07610 INCREASE IN BONSAI METHYLATION 1 (IBM1)
AT3G08040 FERRIC REDUCTASE DEFECTIVE 3 (FRD3)
AT3G08920 Rhodanese/Cell cycle control phosphatase superfamily protein
AT3G09720 P-loop containing nucleoside triphosphate hydrolases superfamily protein
AT3G23660 Sec23/Sec24 protein transport family protein
AT3G25470 Bacterial hemolysin-related
AT3G25520 RIBOSOMAL PROTEIN L5 (ATL5)
AT3G25585 AMINOALCOHOLPHOSPHOTRANSFERASE (AAPT2)
AT3G25740 METHIONINE AMINOPEPTIDASE 1C (MAP1B)
AT3G46230 HEAT SHOCK PROTEIN 17.4 (HSP17.4)
AT3G46610 Pentatricopeptide repeat (PPR-like) superfamily protein
AT3G46790 CHLORORESPIRATORY REDUCTION 2 (CRR2)
AT3G49040 F-box/RNI-like superfamily protein
AT3G49190 O-acyltransferase (WSD1-like) family protein
AT3G49460 Protein of unknown function
AT3G56170 CA-2+ DEPENDENT NUCLEASE (CAN)
AT3G57390 AGAMOUS-LIKE 18 (AGL18)
Table 4.7: Set on genes within 40 QTL intervals included in PhenoLeaf
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Gene ID Description
AT3G57810 Cysteine proteinases superfamily protein
AT3G57940 Putative ATPase
AT3G58360 TRAF-like family protein
AT3G58960 F-box/RNI-like/FBD-like domains-containing protein
AT3G59460 Similar to F-box family protein
AT3G60240 EUKARYOTIC TRANSLATION INITIATION FACTOR 4G (EIF4G)
AT4G30410 Sequence-specific DNA binding transcription factor
AT4G30540 Protein of unknown function
AT4G30580 LYSOPHOSPHATIDIC ACID ACYLTRANSFERASE 1 (LPAT2)
AT4G31110 Protein of unknown function
AT4G31390 Protein kinase superfamily protein
AT4G31490 Contains domain Coatomer, beta subunit
AT4G31530 NAD(P)-binding Rossmann-fold superfamily protein
AT4G31990 ASPARTATE AMINOTRANSFERASE 5 (ASP5)
AT4G32040 KNOTTED1-LIKE HOMEOBOX GENE 5 (KNAT5)
AT4G32105 Beta-1,3-N-Acetylglucosaminyltransferase family protein
AT4G32200 ASYNAPTIC 2 (ASY2)
AT4G32670 RING/FYVE/PHD zinc finger superfamily protein
AT4G32780 Phosphoinositide binding
AT4G32810 CAROTENOID CLEAVAGE DIOXYGENASE 8 (CCD8)
AT4G32930 Protein of unknown function
AT4G33520 P-TYPE ATP-ASE 1 (PAA1)
AT4G34000 ABSCISIC ACID RESPONSIVE ELEMENTS-BINDING FACTOR 3 (ABF3)
AT4G34730 Ribosome-binding factor A family protein
AT4G35650 ISOCITRATE DEHYDROGENASE III (IDH-III)
AT4G36870 BEL1-LIKE HOMEODOMAIN 2 (BLH2)
AT5G36880 ACETYL-COA SYNTHETASE (ACS)
AT5G58170 SHV3-LIKE 5 (SVL5)
AT5G58670 PHOSPHOLIPASE C1 (PLC1)
AT5G58970 UNCOUPLING PROTEIN 2 (UCP2)
AT5G60410 SIZ1
Table 4.7: Set on genes within 40 QTL intervals included in PhenoLeaf
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Gene ID Description
AT5G60790 ATP-BINDING CASSETTE F1 (ABCF1)
AT5G61050 Histone deacetylase-related / HD-related
AT5G61170 Ribosomal protein S19e family protein
AT5G61240 Leucine-rich repeat (LRR) family protein
AT5G61950 Ubiquitin carboxyl-terminal hydrolase-related protein
AT5G61960 MEI2-LIKE PROTEIN 1 (ML1)
AT5G62190 DEAD/DEAH box RNA helicase PRH75
AT5G62290 Nucleotide-sensitive chloride conductance regulator (ICln) family protein
AT5G62660 F-box and associated interaction domains-containing protein
AT5G62800 Protein with RING/U-box and TRAF-like domains
AT5G63820 Protein of unknown function
AT5G64080 XYLOGEN PROTEIN 1 (XYP1)
AT5G64710 Putative endonuclease or glycosyl hydrolase
AT5G64790 Protein of unknown function
AT5G65050 AGAMOUS-LIKE 31 (AGL31)
AT5G65420 CYCLIN D4.1 (CYCD4.1)
AT5G65640 BETA HLH PROTEIN 93 (bHLH093)
AT5G66020 SUPPRESSOR OF ACTIN 1B (ATSAC1B)
AT5G66330 Protein of unknown function
AT5G66490 Protein of unknown function
AT5G67270 END BINDING PROTEIN 1C (EB1C)
Table 4.7: Set on genes within 40 QTL intervals included in PhenoLeaf
Gene ID Description
AT2G19790 SNARE-like superfamily protein
AT2G20270 Thioredoxin superfamily protein
AT2G20560 DNAJ heat shock family protein
AT2G20580 26S PROTEASOME REGULATORY SUBUNIT S2 1A (RPN1A)
AT2G21660 COLD, CIRCADIAN RHYTHM, AND RNA BINDING 2 (CCR2)
Table 4.8: Set on genes within “large” QTL interval at chromosome 2 included in PhenoLeaf
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Gene ID Description
AT2G22090 UBP1-ASSOCIATED PROTEIN 1A (UBA1A)
AT2G22420 Peroxidase superfamily protein
AT2G22460 Protein of unknown function
AT2G22470 ARABINOGALACTAN PROTEIN 2 (AGP2)
AT2G22540 SHORT VEGETATIVE PHASE (SVP)
AT2G22680 Zinc finger (C3HC4-type RING finger) family protein
AT2G23090 Uncharacterised protein family SERF
AT2G23220 CYTOCHROME P450, FAMILY 81, SUBFAMILY D, POLYPEPTIDE 6 (CYP81D6)
AT2G23380 CURLY LEAF (CLF)
AT2G23840 HNH endonuclease
AT2G24090 Ribosomal protein L35
AT2G25870 Haloacid dehalogenase-like hydrolase family protein
AT2G27530 PIGGYBACK1 (PGY1)
AT2G28450 Zinc finger (CCCH-type) family protein
AT2G28725 Protein of unknown function
AT2G29300 NAD(P)-binding Rossmann-fold superfamily protein
AT2G29670 Tetratricopeptide repeat (TPR)-like superfamily protein
AT2G30170 Protein phosphatase 2C family protein
AT2G30810 Gibberellin-regulated family protein
AT2G31650 HOMOLOGUE OF TRITHORAX (ATX1)
AT2G31725 Eukaryotic protein of unknown function
AT2G31870 SANSKRIT FOR BRIGHT (TEJ)
AT2G32540 CELLULOSE SYNTHASE-LIKE B4 (CSLB04)
AT2G32760 Protein of unknown function
AT2G33030 RECEPTOR LIKE PROTEIN 25 (RLP25)
AT2G33050 RECEPTOR LIKE PROTEIN 26 (RLP26)
AT2G33250 Protein of unknown function
AT2G33420 Protein of unknown function, contains domain Munc13 homology 1
AT2G33450 Ribosomal L28 family
AT2G34260 HUMAN WDR55 (WD40 REPEAT) HOMOLOG (WDR55)
AT2G35040 AICARFT/IMPCHase bienzyme family protein
Table 4.8: Set on genes within “large” QTL interval at chromosome 2 included in PhenoLeaf
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Gene ID Description
AT2G35720 ORIENTATION UNDER VERY LOW FLUENCES OF LIGHT 1 (OWL1)
AT2G36480 ENTH/VHS family protein
AT2G36620 RIBOSOMAL PROTEIN L24 (RPL24A)
AT2G37290 Ypt/Rab-GAP domain of gyp1p superfamily protein
AT2G37650 GRAS family transcription factor
AT2G38330 MATE efflux family protein
AT2G40650 PRP38 family protein
AT2G40750 WRKY DNA-BINDING PROTEIN 54 (WRKY54)
AT2G40940 ETHYLENE RESPONSE SENSOR 1 (ERS1)
AT2G41140 CDPK-RELATED KINASE 1 (CRK1)
AT2G41680 NADPH-DEPENDENT THIOREDOXIN REDUCTASE C (NTRC)
AT2G42720 FBD, F-box, Skp2-like and Leucine Rich Repeat domains containing protein
AT2G44100 GUANOSINE NUCLEOTIDE DIPHOSPHATE DISSOCIATION INHIBITOR 1 (GDI1)
Table 4.8: Set on genes within “large” QTL interval at chromosome 2 included in PhenoLeaf
To refine the search for candidate genes, the set of genes underlying peak markers were
matched with those on PhenoLeaf database. Only the genes AT2G18790, AT2G22680 and
AT2G42720 where common in both sets.
AT2G18790 is under markers PHYB 2850, PHYB 4171 PHYB 5215 and correspond to the
phytochrome B gene. AT2G22680 is under the marker MN2 9653239 and correspond to the
gene WAV3 Homolog. This gene encodes for a protein with activity ubiquitin-protein ligase
and zinc ion binding. This protein does not have a shape-related phenotype in the Phenoleaf
database, but it does have a phenotype related with the netted leaf color pattern. The gene
AT2G42720 is under the marker MN2 17792406. It encodes for a FDB, F-box, Spd-2 like
protein. According to Phenoleaf database it affects to rosette compactness and the roundness
of individual leaves.
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Figure 4.13: QTLs associated to Shape Descriptors - Using ER 475 as Covariable. Chromosome
Map
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Figure 4.14: QTLs associated to Shape Descriptors - Using ER 475 as Covariable. Intersection
of qShape intervals and PhenoLeaf dataset. Chromosome Map
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Gene Enrichment
Gene enrichment test was performed to check whether genes found within intervals contains
more genes from PhenoLeaf database than expected by chance. Phenoleaf is a database of
mutant leaf phenotypes in the Arabidopsis Salk Unimutant collection, and putative responsible
genes resulting from screening tests. The gene enrichment was done using an hypergeometrical
test.
All intervals together sum up to 8681 genes, 139 from Phenoleaf and 8542 not contained in
Phenoleaf. Based on 33239 genes in the annotated genome from TAIR9, it is expected 133 genes
from Phenoleaf. This mean a fold enrichment of 1.04 with a p-value in the hypergeometrical
test of 0.27.
5667 genes were within all intervals except the big one on chromosome 2, and 90 genes were
contained in Phenoleaf (87.12 genes expected) representing a fold enrichment of 1.03 (p-val
0.34).Within the big interval, there were 2910 genes, being 49 genes in the Phenoleaf (44.74
expected) representing an enrichment of 1.09 (p-value 0.22).
Considering only the genes under peak markers, 217 genes, the 3 genes found in the Phe-
noLeaf dataset represent a fold-enrichment of 0.89 (3.33 genes expected, p-value 0.42).
Thus all the enrichment test indicates that genes on the PhenoLeaf dataset were present as
expected by chance.
Another Gene Enrichment test has been performed using the GO ontology database AMIGO
(http://amigo.geneontology.org/amigo). Ontology search for molecular function, biological
process and “PANTHER Pathways” were performed using Bonferroni correction for multiple
test.
For the set of genes under peak markers, in the category molecular functions only the
ontology ’photoreceptors’ showed an enrichment of 63.71 (3 genes out of 0.5 expected, pval =
2.26E-2). No significant enrichment was found under any other category.
For comparison purpose, the same analysis was performed on the original PhenoLeaf database
set of genes. For molecular function, the only category significantly enriched was “binding”
with an enrichment value 1.28 (203 genes out of 159.18 expected, pval = 2.71E-2). For biolog-
ical process, the category ’cellular response to stimulus’ got an enrichment factor of 1.72 (63
genes out of 36.64 expected, pval =4.62E-2). The subcategory ’cellular processes) show an 1.27
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enrichment factor (206 genes out of 161.62 expected, pval = 3.58E-2). The category ’single
organism cellular process’ was 1.51 enriched (131 genes out of 86.69 expected, pval = 9.14E-4).
No category from ’Panther Pathways’ were significantly enriched.
Similar analysis was performed for the genes within the 41 intervals. The first analysis
pools together the 40 intervals, excluding the big interval at chromosome 2. For molecular
function, no significant positive enrichment was found in this set, but a negative enrichment in
the category ’Oxygen Binding’ of 0.34 (12 genes out of 35.26 expected, pval = 7.31e-3) appear.
No significant enrichment was found for biological processes and “PANTHER pathways”.
For the big interval at chromosome 2, enrichment was again found only for molecular func-
tion ontologies. Positively enrichment was found the category ’Chitin binding’ with a factor
of 6.85 (8 genes out of 1.17 expected, pval = 4.21E-2) and a negative enrichment of 0.2 in the
category ’ADP binding’ (1 gene out 14.11 expected, pval= 1.51E-2). However, the latter values
may be due to the single location of this interval in the chromosome 2, so the assumption of
independence in the sample drawn is not fulfilled.
4.4 Discussion
The correlation analysis of shape descriptor on the MAGIC population revealed the correlation
of shape with size. Area and perimeter can be considered as pure size measurements, containing
almost no information on shape by themselves. Thus, the correlation between other shape
descriptor with area and perimeter reveals the aforementioned relationship between size and
shape. A particular example is the correlation of slender of leaves with perimeter. It indicates
that most of the information contained in this descriptor is brought by the perimeter. This
happen even when actual perimeter is not included in the formula of the SOL descriptor.
The analysis of correlations between descriptors induce to think shape descriptors as different
metrics of same concept of shape. Compactness is a strong, repeatable phenotype by itself, it
accounts for the filling of the space by the rosette. Shape Descriptors accounting for similarities
between rosettes and circles (roundness, roundness2 and isotropy), ellipses (eccentricity) can
be thought, due to their correlation, and the conceptualization underlying them, as redundant
measurements of rosette spatial distribution. Slender of leaves, although designed to measure
the distribution of petioles and blades length, it is redundant with roundness and isotropy.
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Thus, I consider that these shape descriptors are similar enough to be interpreted as collinear
measurements of the same characteristic. This justify to melt the results of candidate QTLs
into “qShape” or QTL for Shape, independently of the specific shape descriptor that helped to
discover it.
Principal Component Analysis (PCA) may help remove the influence of size from shape and
get pure shape measures (Humphries et al., 1981; Sundberg, 1989; Somers, 1989). PCA split
shape descriptors into 9 orthogonal variables, i.e not correlating. The first Principal Component
(PC) is composed mainly of area, perimeter and SOL, being the component with most of the
size related parameters.The second Principal Component does not contain neither area nor
perimeter, keeping most of rosette shape. The other PCs were included in the QTL mapping,
but they were not a clear measurement of shape.
According to heritabilities, only area, perimeter, compactness and roundness are heritable
through time, although decreasing as experiment progress. This convey the difficulty of dis-
criminate “qShape” as spurious associations, i.e False Positives, or actual genetic determinants.
Similar pattern of variability in broad heritability along time has been reported by Flood et al.
(2016) . According to these authors, such displacement in heritability may be due to the fre-
quency of measurement, so this effect should not be detected at frequencies of single points per
day (Flood et al., 2016). Their study is based on photosynthetic parameters, but it may be
still true for developmental trajectories of rosette shape.
Principal Components 1, 2 and 3 had heritabilities high enough to accept that they contain
enough phenotypic variation explained by genetic variation. The heritability values show a
descending tendency through time, with their highest values around day 1 and 2.
The statistical association between markers and traits result in 41 candidate Quantitative
Trait Loci along the genome. This suggest a complex regulation of the global rosette shape. To
ascertain the real genetic factors hidden under those loci is not possible given only significantly
associate markers and their associate regions. Nevertheless, these loci are candidate regions to
be researched by fine mapping in near-isogenic lines or other experimental populations.
In this analysis, 217 markers in 41 intervals were found as associated to rosette shape.
As a comparison, Chitwood et al. (2013b) studied tomato leaf shape and found 1000 QTLs.
Chitwood et al. (2013b) claimed that such numbers suggested additive polygenic effect all
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over the genome with a limited role for epistasis. In addition, the authors suggested that
tomato leaves where influenced by QTLs that regulates mostly cellular phenotypes according
to environmental abiotic conditions (Chitwood et al., 2013b).
The presence of genes within our QTLs that are related with either transition to flowering,
senescence or photomorphogenesis, suggest that the revealed potential QTLs for shape may
not be false discoveries. During the experiments, differential flowering time and senescence was
observed, and it is feasible that the shape descriptors utilized vary according to this phenomena.
The most relevant group of genes, to my opinion, are those related with photomorphologe-
nesis and adaptation to environmental clues. The phytochromes B and D, are well known re-
sponsible of leaf growth changes according to shade-avoidance patterns (Tsukaya, 2004; Kozuka
et al., 2005). The gene phyB is responsible of petiole elongation in the search of light (Tsukaya
et al., 2002; Tsukaya, 2004). The gene erecta, is known to be related with Arabidopsis mor-
phology (Passardi et al., 2007), and it has been proposed that either erecta or a closely linked
gene is a regulator of phenotypic canalisation due to microenvironmental variation (Hall et al.,
2007b; van Zanten et al., 2009a).
The enrichment tests showed that shape related genes are not straightforwardly associated
to any molecular function, pathway or process, as expected from additive traits such as size.
However, our test showed that photoreceptors were found with higher chance than expected,
so that it is conceivable to think that environmental interaction, GxE, has played a role in our
gene discovery experiment.
The genes within candidate shape QTLs contains some transcription factors and regulatory
sensors to environmental cues (table B.3). Few of them were directly related with leaf shape,
as suggested by our enrichment analysis against PhenoLeaf database (Wilson-Sa´nchez et al.,
2014). This coincides with recent literature describing how Arabidopsis rosette developmental
trajectories are strongly affected by local environmental conditions. Bar and Ori (2014) re-
view leaf development and morphogenesis in the context of environmental effects on the final
shape. Mature leaves shape is influenced by light through phytochrome-induced responses, to
resource limitation, at least in Arabidopsis, through auxine and gibbereline hormonal response
(Bar and Ori, 2014). Salinity seems to act through abcisic acid and ethylene response by the
protein DELLA . Many of candidate genes underlying the peak marker in our candidate shape
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QTLs belong to these groups. To show some examples contained in table B.3, AT2G01570
is a member of DELLA family, AT2G42870 is PHYTOCHROME RAPIDLY REGULATED1,
AT2G33880 is a WUS related protein necessary in meristem growth, AT2G37040 encodes for
PAL1 (phenylalanine ammonia lyase) related with photomorphogenesis through PhyA, and
with the formation of anthocyanins.
If those genes were causal factors whose variation explain rosette variation, these findings
point at regulatory elements connecting rosette architecture to environmental variation.
According to our results, it is reasonable to think that Global Shape Descriptors captures the
populational variability and the reaction norm of Arabidopsis rosette architecture. To certain
point, instead of variation in shape, we have may found accessions that are more variable than
others in its general structure and growth according to the environment they live. Thus, we
have, unintentionally, looked for the robustness of their architecture or the phenotypic plasticity




In this thesis, I have put together three technical approaches to dissect Arabidopsis thaliana
shoot development. First, measurements of overall rosette shape has been proposed and used.
Second, High-throughput phenotyping, i.e. measurement, through imaging of rosettes. Third,
phenotype to genotype mapping tools have been applied to unveil the genetic architecture
underlying rosette structure.
It was initially observed that natural ecotypes of Arabidopsis have different developmental
trajectories of growth during their juvenile stage (Camargo et al., 2014). “Shape descriptors”,
accounting for whole rosette shapes, have been adopted to quantify the diversity and variation
of such rosettes, within and between varieties. Variation in shape descriptors, interpreted as
morphological traits, have been mapped to genomic positions, meaning that genetic loci ac-
counting for variation in rosette shape has been approximately located. The mapping resolution
was not enough in any experiment to identify a causal gene, yet some hypothesis have been
generated.
Due to progressive leaf production across time, individual leaf shape and structure, al-
beit being an interesting problem itself, is of little help to study rosette development due to
Arabidopsis heteroblasty (Poethig (2013), Robbelen (1957, cited in Tsukaya (2013) ),Tsukaya
(2002)). The study of a specific leaf at specific moment, e.g the 6th leaf on the 20th day, does
not provide a complete picture of rosette appearance across time. Geometrical morphometrics
of whole individuals could be an appropriate approach to study overall rosette shape, with
the inconvenience that “landmarks” are difficult to define in a developing rosette, and it is a
manual process with many difficulties to be adapted to automatic marking for high-throughput
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purposes. The option I found as more feasible was the use of Global Descriptors (Zhang and
Lu, 2004). Computer vision has a rich history in the developing such kind of descriptors that
can be automatically calculated from a segmented image. They allow quantification of shape
of any object in general and Arabidopsis rossetes in particular. However, a major drawback
of shape descriptors is that they remain global, without any direct correlation with particular
aspects of leaves such as petiole length, blade length, phyllotaxis, etc.
Shape Descriptors can be only calculated from images that have been processed so that
rosettes are the only element in the image and the background is removed (Shapiro and Stock-
man, 2001). This processing is named in the specific literature segmentation (Haralick and
Shapiro, 1991). In general, segmentation is a family of problems with difficult resolution,
meaning that good quality segmentation is infeasible unless pictures are taken in a very con-
trolled environment, e.g. industrial quality control (Shapiro and Stockman, 2001). In general,
shape descriptors and similar techniques are used only as approximations either to evaluate the
result of a segmentation or to evaluate the probability whether the object in the image is from
the same category that other images in a database, i.e. Image Retrieval (examples at Utku,
2000; Gopal et al., 2012; Harish et al., 2013). However, certain shape descriptors has been
used to quantify the properties and structure of compact objects, such as powders, materials,
seeds and fruits (Brosnan and Sun, 2004) and debate about their efficacy remains (Pirard and
Dislaire, 2005, 2011). However, few examples of shape descriptors for quantify non-compact
objects, e.g star-fish like objects or curved objects, have been found in the literature. To my
knowledge, only Area and Compactness are of wide use in Arabidopsis phenotyping (see table
1.1). A deeper discussion will be found below.
The recent development of automatic phenotyping devices, such as Scanalyzer (Lemnatec,
Gmbh) and PlantScreen (PSI, Czech Republic), has opened the opportunity to study plant
development from a dynamic perspective in a high-throughput manner (Li and Sillanpa¨a¨, 2015).
Most of this advance is due to the use of a diverse range of imaging devices, for example
fluorescence and Infra-red cameras (Rahaman et al., 2015). With simple visible wavelength
cameras, i.e classical colour camera, the shape and colour of plants can be taken to analyse the
structure and processes (Sozzani et al., 2014; Dhondt et al., 2014; Humpl´ık et al., 2015). The
improvement carried by imaging is that a device can take pictures, and save them in database
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for latter analysis, of potentially hundreds of plants, and also can take the pictures a number
of times per day (Furbank and Tester, 2011). This supplies researchers with huge amount of
information that allows to analyse the measured traits dynamically, time-resolved, in as many
points as required.
These automatic platforms, and the analysis now associated with them, facilitate the use of
populations with large number of individuals (Fahlgren et al., 2015b). This is ideal for mapping
populations whose resolution depends largely on the genetic diversity of the population and the
number of informative crossover cumulate in them (Takuno et al., 2012). The more individuals
the more likely to shorten the haplotypic regions and more resolution. Similarly, the higher
number of replicates the more accurate phenotypic values are measured.
The approach in this thesis has made an extensive use of the power provided by automatic
phenotyping platforms to study a similar set of rosette shape descriptors in three mapping
populations with different genetic and phenotypic properties.
The experiment in chapter 2 uses a population of natural accessions, also called ecotypes.
This population is expected to have large genetic and phenotypic variation that make it suitable
for mapping with relative accuracy phenotypes with a complex genetic architecture. The main
drawbacks of natural population is that accessions are not independent of each other in the
phylogenetic sense. This means that some accessions are genetically and historically closer of
each other than they are to some others. The effect of this population structure is having some
chromosome regions identical by descent and in linkage disequilibrium, which is a confounding
factor in the analysis. A second drawback is that these populations have been subject to
evolutionary forces, e.g. adaptation through selection, to cope with their local environments.
Although debate still exists about the levels of selection on the gene or the genome, it is
generally agreed that populations are selected by their complete phenotype, so that many
particular phenotypes, and the genes that control them, are selected simultaneously (Winter,
1997; Haldane, 2008; Pigliucci, 2010). Thus, genes for two different process being selected at
the same time would be confounded when doing gene mapping because they coexist in similar
linked frequencies (Vilhja´lmsson and Nordborg, 2012; Platt et al., 2010; Brachi et al., 2011).
The results from the natural ecotypes population were inconclusive. None of the shape
descriptor show significant association to any genetic markers. A procedure to further study
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those markers having large LOD (but not significant) for more than 10 traits was chosen
to extract the most informative markers, but it is not generally used as a formal approach.
The reason for having low significance, in spite that some LOD scores were over 7, generally
considered high, is probably the lack of resolution in the images. This first experiment was
performed in the Lemnatec device, that was built for tall crops like Miscanthus, maize or wheat.
The top-view camera is placed on the roof, around 2 meters on top of the rosettes. The long
distance from rosette to camera lens reduces the pixel resolution of rosettes. As an example,
typical petioles were just one pixel width. In addition, the camera objective in Lemnatec device
endure chromatic aberrations, i.e. any object in the picture presents a rainbow-like gradient
of colours in their borders, that affect strongly to the segmentation. In spite of the technical
difficulties, at least four potential Quantitative trait loci seems to be associated with the shape
descriptors. However, a search of intervals of ±10kb around the markers did not yield any gene
that were already studied in the literature as related with Arabidopsis growth, neither rosettes
or leaves.
The experiment in chapter 3 used a biparental cross between two accessions that showed
disparate rosette development in chapter 2. Biparental crosses have no population structure,
but they have less genetic variation. The drawback of these kind of population is that only
genes that differ in alleles in both parental can show any degree of significance in the association
with the trait. If selection has fixed alleles for major regulators in the trait of interest, only
minor effect genes can be found, and those need bigger populations. Our population is relatively
small and with few genotyped markers, allowing to find only major effect genes.
Despite these limitations, the results indicate that at least variation in 4 QTL for shape
were present in this population, and they were not far from those found in chapter 2. The
populations in chapter 2 and in chapter 3, were genotyped using different markers and therefore
have different maps, it is not possible to establish any formal comparison between regions.
In chapter 4, I used a 19 parent cross, the resource is called MAGIC, that is expected to have
levels of genetic variation between natural and biparental crosses. Also little or no population
structure is expected.
The results obtained from the MAGIC population were richer than in the previous chapters.
Each descriptor had significant association with many markers in any chromosome. I decide
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to unify all intervals that overlap to reduce the search. This decision was taken after noticing
that the association mapping method developed for MAGIC does not calculate intervals as
the classical confidence intervals in genetic mapping, but they are just the extent of significant
markers. In other words, the method returns as an interval all the markers that were signifi-
cantly associated to a phenotype. This is due to the method related to haplotype mapping, so
all markers in the same haplotype has a similar significance. Using this joint approach around
40 intervals, potential QTLs were found. A search for genes within these intervals returned too
many genes, meaning the search was like “looking for a needle in a haystack”. These genes
were screened against a database, PhenoLeaf (Wilson-Sa´nchez et al., 2014), of genes related
with leaf shape from an experiment done with a populations of mutants, and also were studied
from a gene enrichment approach. Both approaches indicate that the number of genes found
were the number expected by chance. This means that I cannot claim any of those particular
genes as potential causal genes.
It could be argued whether the MAGIC intervals contain or not the QTLs found in chapter
2 and 3. The big interval in the chromosome 2 is the joint of two clear groups of markers at
the middle of the chromosome. This may or not be related with the potential QTL at this
chromosome found in the natural ecotypes population. A potential QTL was also found at the
end of chromosome 4, being more probable to be in a close position of those found in chapter
2 and 3, since the interval in the chromosome 4 did not extent long neither in the MAGIC nor
in the natural population.
The summary from the three experiments is that shape descriptors has not been found
clearly associated to any particular loci in the genome. Many potential candidate QTLs have
emerge from these experiments, but not with the precision to point to a particular candidate
gene.
This is expected, since shape, like size, could be controlled by many genes with complex
interactions, being few of them major controllers that are probably acting as integrators of
many pathways (Martin et al., 2011). However, the work performed here act as observation
for future research. It might be argued that genes in the middle of the chromosome 2, at the
end of chromosome 3, at the middle of 4 and at the end of chromosome 5 have been observed
as significant, or almost, in the three studies performed here. Assuming any explanation from
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this observation would be “ad hoc”, however, it is know that major regulators of life-trait and
leaf shape are in those regions. The gene FLC that regulates developmental pathways (Deng
et al., 2011) is at the end of chromosome 5. The gene ERECTA is in the middle of chromosome
2. In addition phytochromes B and D has been found as potential QTLs. PHYB is located
in the middle of chromosome 2 and PHYD in the middle of chromosome 4. Phytochromes
are related with the rate of growth of leaves and the environmental response to light and the
shade avoidance syndrome (Mart´ınez-Garc´ıa et al., 2014), a phenotypic plasticity response to
competition for light (Schmitt et al., 1999). They participate in the elongation of petioles and
also as thermosensors (Jung et al., 2016). For these reasons, phytochromes and erecta are genes
whose further exploration can be interesting.
Throughout this project, some questions to observations remain unanswered and can be
potential future research. Theoretically, if rosette shape, size and development “rythm” are
genetically controlled, this could have been the result of developmental canalization in the
original accessions environment. This is assumed to happen when development “takes control”
of variation due to environmental conditions, instead of passive response, and variation is
buffered or even leveraged (see Salazar-Ciudad, 2007, for a discussion). One example is found
in Hall et al. (2007a) who studied canalization of rosette leaf number in Arabidopsis through the
gene ERECTA, and found it acts as an “ecological amplifier” (Hall et al., 2007a; Mandel et al.,
2014). In this scenario, it would be possible to hypothesise that rosette shape variation could
be organized across a latitude, longitude, altitude or according to ecological clues, such as living
in forest or open spaces. Similarly, phenotypic correlation with flowering time or ecologically
relevant traits could be studied (Pigliucci, 2002; Mitchell-Olds and Schmitt, 2006; Shindo et al.,
2007; Kra¨mer, 2015, and references therein) . It has been observed that some accessions, for
example Cvi and Ag, have similar rosette development within an experiment, but relatively
different between experiments. This genetics by environment interaction could be interpreted
as phenotypic plasticity, since it does not seem to be a passive response, but specific to the
conditions. To connect with previously mentioned observations, the phytochromes PHYB and
PHYD are responsible for the shade avoidance syndrome, inducing an extension in petiole
length when the leaves are under a red-infrared light ratio that indicate some other plants are
shading them. It could be investigated if the distribution of PHYB or PHYD correlates with
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the growing environment of each of our accessions in chapter 2, since the original location has
been recorded and can be searched in mapping infrastructures such Google Earth. Transplant
experiments can guide to study phenotypic plasticity and possible genes related with such
plasticity (Montesinos-Navarro et al., 2010; Savolainen et al., 2013).
This thesis represent the first time, to my knowledge, that computer vision shape descrip-
tors are applied to whole rosette shape in a genetic context. The idea of shape descriptors as
objective measurements was addressed by Camargo et al. (2014). The use of accurate measure-
ments aim to solve the difficulty in describing shape. It is common to see publications that refer
to mutants in leaf or rosette shape using broad terms as “round”, “loose”, or simply showing
pictures of control and mutants that allows the reader the interpretation of shape changes. In
my experience, the selection of computer vision shape descriptors is not as explicit as intended
by Camargo et al. (2014). The computation of shape descriptors is robust in terms of the same
object would have similar values in several measurements even in different devices. However,
two problems come up with such descriptors. On one side, they are still difficult to interpret,
despite their clear names such roundness or compactness. As an example, the formula used
here for roundness, Area
Perimeter2
has been used for the compactness of object whose perimeter has
concave curvatures. The situation is more complex with descriptors that have complex formu-
lations as eccentricity. Therefore, the interpretation of shape descriptors results in confused
descriptions of how the change through time, or the possible relationship of a shape descriptors
with sub-rosette traits such as petiole length. On the other side, the interpretation of shape
descriptors is obscured by the non-linearity of their units (Pirard and Dislaire, 2011, 2005).
This means that it is difficult to interpret, for example, what is the difference between round-
ness value of 0.20 and 0.25. A well known problem with such descriptors is that they are not
unique (Young et al., 1974), meaning that two objects with different shape has the same value,
which is called in mathematics that the measurements are not “injective”. This subject was
treated with detail in the decade of 1980 and onwards, resulting in the development of modern
ways of measuring shape like outline analysis by Fourier descriptors or the various techniques
of Geometrical Morphometrics (Blum, 1973; Loncaric, 1998; Claude, 2008).
Recently, new methods to deconstruct images of Arabidopsis rosettes in their components,
i.e. leaves, will facilitate a more detailed analysis of the plant architecture (Minervini et al.,
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2014; Giuffrida et al., 2015; Scharr et al., 2016; Viaud et al., 2017; Minervini et al., 2017). I
tried to develop a similar methodology from scratch for the first two years of this Ph.D. The
intention was to study in depth the relationship of Camargo et al. (2014) shape descriptor with
the segmentation quality to assess the robustness of each measurement regarding artefacts and
rosette missing parts. In addition, my unsuccessful attempts of isolate leaf had the intention
of correlate analytically particular leaf traits, such as blade shape, petiole length, etc. I grown
several mutants for phytochrome B and D in different Red:Far-Red ratio, that actually showed
a certain degree of shade avoidance syndrome. By multivariate analysis, such correspondence or
redundancy analysis, the equivalence between leaf traits and rosette traits would be potentially
unveiled, so the descriptions in the successive chapters results were more informative.
In my opinion, better shape descriptors could be formulated, e.g. shape context (Belongie
et al., 2000). Actually recent studies are approaching the development of improved plant shape
descriptions in the context of functional-structural modelling of plants, that incorporate plant
genetics, physiology and shape (Letort et al., 2007; Mathieu et al., 2009; Vos et al., 2009;
Bongers et al., 2014; Balduzzi et al., 2017).
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Image based plant phenotyping technologies use digital pictures to extract information about
the plant. From visible spectra cameras, the usual commercial cameras, colour digital pictures
are taken. The use of this pictures allow to study plant colour, e.g. pigmented damage, and
morphological measurements. A short introduction to digital imaging with focus in digital
shape descriptors is provided as support for the most technical aspects in the chapters.
A 2D colour digital image is an array, or grid, of pixels (shorthand for picture element) sorted
by position and containing the values of bright intensity for, typically, three channels of additive
colours (Red, Green and Blue or other colour spaces are possible). Pixels are considered squared
units in a digital screen only for representation purposes. However, each pixel is just a discrete
infinitesimally small point that contains information of a region in the original scene, with
the consequent information loss. The latter has mathematical consequences, the points and
intensity signal related operations has to be performed using discrete mathematics techniques
as approximation of the common infinitesimal calculus. Therefore, most geometrical shape
descriptors are discrete version of equivalent functions from analytical geometry and physics
mechanical moments (Mardesˇic and Segal, 1982).
Yang et al. (2008) summarize the properties that shape descriptors should obey to be useful
in quantifying morphological features of object for any intended purpose. Shape descriptors are
estimations of morphological features of image-represented objects. From Yang et al. (2008) :
identifiability Two objects looking similar to humans observers must have similar values for
a given descriptors. Equivalently, objects that looks different must have different values.
This property refers to the monotony of measures, meaning that each numeric value of a
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measurement should not represent more than one property of the measured object.
Translation, rotation and scale invariance In order to represent forms, shape descriptors
must not change when any of these three operations are applied.
Affine invariance This property add invariance to shear operations. This property is harder
to achieve and frequently is accepted that it does not happen.
Noise resistance This property concern the robustness of descriptors again noise. The source
of noise may be segmentation errors, artefacts or missing parts, or an effect of digital
imaging discretization, that is, for example pixelation of border that may increase or
decrease the values of perimeters.
occultation invariace A desired property is that when parts of the original object are non
visible by superposition of other object in the image, the feature should remain as close
as possible to the value of the original.
Statistically independent When two or more descriptors are used, their values should be
statistically independent. Being independent aids into a compact representation of a
shape.
Reliable Objects that show the same morphological pattern should have similar features.
Peura and Iivarinen 1997 and Iivarinen et al. 1997, indicates that using a combination
of shape descriptors that do not obey the previous rules, is still efficient. Their view is that
combining descriptors that are simple, general and with a certain degree of correlation, provides
a new perspective in shape description. The argument is that using multivariate statistics, e.g
conditional distributions of variables or Self-Organizing Maps (SOM) in the original papers, is
still possible to find differences among objects categories even if the descriptors properties are
not ideal.
Following, each statistical shape descriptor is described by its mathematical definition, its
functional meaning as rosette overall descriptor and possible advantage and drawbacks when
measuring automatically from images. For more specific treatments see books on Computer
vision and Shape descriptors (Nixon and Aguado, 2012; Shapiro and Stockman, 2001) and the
use in biological images has been reviewed by several authors,e.g in the context of plant sciences
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Dhondt et al. (2013) or plant cell microscopy Ivakov and Persson (2013). Papers providing a
good context of Shape descriptors in computer vision see Yang et al. (2008); Zhang and Lu
(2004). The presented descriptor are those analysed by Camargo et al. (2014). For the more
comprehensive treatment of descriptors, the glossary of computer vision terms by Haralick and
Shapiro (1991) is a short review, that contains most of the descriptors in this document.
Projected Rosette Area. Hereafter PRA or Area, It is calculated as plant pixels count. Its
unit is pixel number, but is generally translated to squared millimetres by a conversion
factor calculated from a size-known object, as tray stickers or whole tray or pots. There-
fore it is a discrete measurement of Area even when expressed in continuous units (mm2)
and it smallest error is a pixel or the area of a pixel at certain resolution.
In general, PRA is an estimate of cumulative leaf area but it does not contain any form-
related information by itself. It is only a measurement of size and the extent of photo-
synthetic surface. It can be used to estimate rosette growth rate in time lapse dynamic
imaging and also to estimate shoot biomass from Area after a validation experiment
(Leister et al., 1999). The estimation of Projected Rosette Area from top view images
is affected by leaf superposition and occlusion; leaves overlap covering partially, some-
times total, other leaves. Thus, PRA gives back a sub-estimated photosynthetic area.
Other source of Area sub-estimation is that pictures are a flat representation of the three-
dimensional rosette structure, so leaves inclination, hyponasty, and tilt influence the pixel
count, as also possibly lateral leaf movement does (Lie`vre et al., 2013). This source of
error may affect to PRA estimation in different plants if they, as an example, vary in the
amount of hyponastic growth. Consequently, plant pictures must be taken always at the
same time of the day, preferably when leaves are down and the movement is reduced. On
the other hand, PRA is not strongly affected by small artefacts as segmentation errors,
i.e. stones, green pixels corresponding to algae or moss, while they are kept small and
residual. The artefacts position does not influence Area estimation. Finally, segmenta-
tion errors as missing leaves because of colour or turning, e.g. plant pixels segmented as
background, may reduce the PRA values according to the number of pixels lost.
Perimeter. Perimeter refers to object’s boundary length. Several methods to stablish the
contour of an imaged object are available. In general, this parameter is a pixel count
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from the outer limit of plant rosette.
To first compute the outer limit, two methods are available. We can consider that the
inner part of the perimeter only contains pixels in the 4-neighbourhood, so pixels belong-
ing to the perimeter are only in the North, South, East or West position of each other.
The resulting perimeter has then pixels are only connected in diagonal when the shape
is curved. Instead, the delimitation of the perimeter using an 8-neighbourhood force the
perimeter to contain also the NW, NE, SE and SW pixels. Therefore the perimeter would
not have diagonals. The former description is valid for boundary points set up by erosion
of an square structuring element, other methods could yield other estimates of perimeter.
As an example, the Ramer–Douglas–Peucker algorithm approximate the contour of an
object to a polygon with a restricted number of vertex, which would be useful for shapes
with complex borders. To make a length measurement from this concept of perimeter,
the distance between pixels is set as 1 when the two pixels are in its 4-neighbourhood
(North, South, West or East), and
√
2 when diagonal. Thus, at least to possible metrics
for perimeter length.
Arabidopsis rosette perimeter should account for sum of every single leave perimeter.
However, leave occlusion reduces its values. This effect is needed to be slightly explore
to understand the consequences in other descriptors that use Perimeter in their formulas
as Roundness. Young plants Rosettes are star-like object whose elements, leaves, extend
from meristem to leaves tips, and their perimeters account for petioles, quasi-rectangular
elements, and leaves, round or elongated, elliptical, elements. When leaves occlude, at
least one side of both leaves disappear, reducing massively the perimeter of this pair of
leaves. In the extreme case of leaves totally occluding, when one leave cover a previous
leaf, or a younger leave is contained over older one cause an ever bigger loss of perimeter
values. This effect is increased when leaf are able to move because of pot handling or by
themselves. In addition, image resolution and aliasing generates a rough boundary that
resemble the classical problem of fractal dimension, which mean that the resolution of
the image strongly modify the measurement. The latter is well known as the “coastline
paradox”.
Plant Region. Some morphological parameter are calculated from regions different than the
Page 199
APPENDIX A. DIGITAL GEOMETRY Odin Moron Garcia
object itself. These plant regions represents the overall surface that a plant may be
covering at certain stage. As an example, the pot surface could be the maximum region
that the plant could cover. It has the inconvenient of having a constant diameter and
then a constant area, so that it would not express any shape information. The plant
region variables that are calculated for our plants are Bounding Box, Minimum Bounding
Box, Minimum Boundary Circle and Convex Hull.
Rosette Bounding Box. Rosette pixels are limited by its most extreme pixels at top,
bottom, left and right sides. These four pixels delimit a rectangle covering the whole
rosette. From Bounding Box, its width (VRectSizeX) and height (VRectSizeY) are
provided and Bounding Box Area is calculated as BBArea = BBWidth ×BBHeight.
Bounding box is a classical computer vision structure that aids in limiting the object
region of interest for deeper analysis, and it rectangular shape provide useful prop-
erties when applying filters and convolutions. However, it only provides information
about shape in relation to object symmetry when calculating the width/height ratio.
A 1:1 ratio would indicate an square, so some degree of symmetry. It is important
to notice that even when the Bounding Box would be a square, nothing can be told
about the symmetry in the distribution of plant pixels inside the box.
Bounding box width, height, and its area are indicative of plant size and extent
but they are an overestimation or real extent. The centre of the Bounding box
is easily calculated as width/2 and height/2 plus the offset. The bounding points
should correspond to biggest leaves tips, although segmentation artefacts can extend
bounding box or any other region far from leaves, having a strong dependence of
artefacts distribution.
Rosette Minimum Bounding Box. Due to Rosette pixels distribution, the bounding
box may not be the minimum one. Applying rotations to the rosette image, or calcu-
lating rosette orientation from its moments (see below), the minimum bounding box
can be found. This region share bounding box properties, but it is not a convenient
structure for image processing any more. However, it becomes a bit less exaggerated
estimation of plant region extent and area. Only the Area of Minimum Bounding
Box is provided.
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Minimum Bounding Circle. It is defined as the circle that bounds all rosette pixels
that have the minimum diameter. Due to geometrical reasons, only three points
are often required to build this circle, with exceptions being symmetrical objects
as squares or other regular polygons. In rosettes, the three most extreme leaves
tips will determine this circle and its centre, being the latter displaced from the
rosette centroid according to the position of this three leaves. Minimum bounding
circle offer an estimation of whole rosette extent; only the diameter of the circle is
provided (DiamBoundCircle).
Convex Hull. The convex hull of an image object is, informally, the smallest irregular
polygon that covers the whole object surface without having any concavity, that is,
all the points inside the polygon can be connected by a line that never falls out
of the polygon. Another way to say it, the convex hull is similar to place a tense
rope around the object. Thus, the convex hull contains all pixels from the object
plus some extra area, called “lakes” and “holes”. Convex hull boundaries touch the
object at many points, but at concavities, the convex hull limits are straight lines
up to the next intersection object-Convex hull.
The Convex Hull is mainly determined by three or four leaves tips and their sur-
rounding pixels, and its shape depends on plant structure. Therefore, convex hull
contains some relationship with plant shape although this is not straightforward to
express. It is possible to say that this is the minimum convex object covering the
whole rosette and reflects the region it may be occupying if. Convex Hull shape
itself is influenced by the size of the petioles and the length of leaf lamina, but the
disposition of leaves around the rosette, the angle between them, their movement,
either lateral or tilt, will introduce variability in this shape. Convex Hull Area
(ConvexArea) and Perimeter (ConvexCircumference) are provided.
Alternative values for area and perimeter can be obtained from plant regions, by using
simple formulas. Bounding box Perimeter would be BBPerimeter = 2 ∗ BBWidth + 2 ∗
BBHeight, and Minimum Circle Area and Perimeter can be obtained from the diameter





. Convex Hull Area is calculated
by pixel count, and Convex Hull Perimeter by the same methods than rosette perimeter.
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These metrics would be overestimation of plants Area and Perimeter, but their values
would be more robust against image resolution, as it was commented in the perimeter
section. These values will be used for other shape descriptors that are about to be
explained.
Compactness. Compactness is calculated here as the ratio between Rosette Area and Convex
Hull Area. In literature Compactness can be found as“shape facto”, but this term can be
confounded having the formula similar to the shape descriptor we call here Roundness (see
below and Montero and Bribiesca (2009)). Compactness capture part of shape information
concerning the leaf density, as similar to the Leaf Area Index parameter in the field of
plant eco-physiology. This is due to the fact that Convex Hull Area is always equal or
higher than PRA. Many cases might then happen; seedlings and small rosettes with few
and small leaves show high values (close to 1) of compactness because having few small
leaves, the convex hull almost fit to the rosette. In larger and older rosettes with many
mature leaves, plant leaves cover the convex hull almost completely and goes also high.
However, interesting behaviours may occur. For plants whose mature leaves has long
petioles, their aspect is loose and sparse, being the distance meristem to leaves tip longer
than in dense ones. Thus, the Convex Hull reflects this having big gaps, especially among
leaves, that reduce compactness values. The effects of petiole length, leaf lamina length
and width is worthy to be deeply studied.Compactness could be calculated by using as
denominator other plant regions, Bounding Box and Minimum Circle, but they would be
overestimates of the same quantity. On the other hand, some descriptor that are not in
use in this thesis could assess the approach of loose/dense habits in the rosettes. Some of
them are mentioned just for the sake of completeness. Lacunarity, a fractal-like approach
to account for heterogeneity in the object (see FracLac for ImageJ). Convexity defects, is
the study of concavities between the object and the convex hull, in the rosette case the
gap between leaves, features from ranging size and maximum chords from stem to convex
hull borders could be meaningful. Finally, another common version of compactness is
formulated as Compactness = Perimeter
CHPerimeter
that accounts for the deviation of the object
from it full region coverage. A last interesting descriptor for rosette habit would be
the Shape Context and the Shape Matrix, consisting in calculate the distribution of an
Page 202
APPENDIX A. DIGITAL GEOMETRY Odin Moron Garcia
object in concentric circles and the output is a histogram with center to outer boundary
distribution of mass (Belongie et al., 2000).
Deviation from a circle. The following set of shape descriptors are actually more involved
in objects’ morphology than those presented so far. However, many of them were de-
signed for different purposes than shape description. Moments are quantities describing
mechanical properties of 2D or 3D objects related with their movement under certain
forces. However, physical moments have been successfully applied to other applied math-
ematics fields, such statistics, where mean and variances are examples of moments, and
digital geometrics where they help to describe the distribution of a point cloud.
Roundness. Also called in the literature compactness, stockiness and shape factor (Mon-
tero and Bribiesca, 2009) , its value is calculated as Roundness = Area
Perimeter2
, al-
though its original formula, based in the isoperimetric inequality, 4 · pi · Area ≤
Perimeter2 , that yield the isoperimetric quotient, Q = 4 ·pi · Area
Perimeter2
, which reach
its maximum, 1, for a circle, and gets reduced along the curve get closer to a ellipse
or a flat line. The constant 4 · pi is removed from the formula, and the inverse is
calculated to create a ratio Perimeter
2
Area
that is more likely to be higher than 1.
Rosette Roundness could be interpreted as the how circular the rosette is. The
deviation from a circle happens if leaves growth longer in one direction than in
other. Given that Arabidopsis phyllotaxis yield new leaves at ≈ 136◦ (Viaud et al.,
2017), the deviation is motivated by the growth of the two largest leaves.
According to the formula and the previously written descriptions, Perimeter is quite
variable descriptor, inducing also a strong variability in roundness. Leaves total or
partial occlusion generates peaks and valleys in the estimation of perimeter, specially
when measuring these variables dynamically as time series.In addition, spare rosettes
are star-like shape, which Perimeter is also exaggeratedly bigger than a square or a
circle. Thus, roundness may not express clearly how round is the rosette, at least
not equally clear for dense rosettes than is for spares ones.
Convex Hull Roundness. Convex Hulls has polygon-like shapes, and Roundness is
calculated from its perimeter and area as for rosettes. Convex Hull Roundness ex-
press more informatively the overall rosette round shaped than the proper rosette
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roundness. This descriptor is more robust to occlusion than rosette roundness, al-
though is still dependent of relative position of bigger leaves. It will not be useful
to find differences among overall rosette habit, e.g loose/dense, but it could be able
to capture part of the asymmetries in the rosette.
Moments. The next group of shape descriptors are related with symmetry of shape
by the departure of the object from a circle. The main operation is to calculate
rosette moments. The first and second degree central moments, as in statistics and
mechanics, are formulated as mean and variance like equations. Mean-like moment
return the centroid, which is the rosette center of mass in x and y coordinates.
Variance-like moment, or second degree moment, return the dispersion of the shape















“spatial” covariance value may be interpreted as the relationship between X and Y
coordinates, or statistical association between two variables, and as in multivariate
statistics an ellipse can be fitted like a bivariate normal distribution that conserve
the same moments. In other words, covariance provides information about the shape
of the probability distribution, and a similar geometrical use is available. Once the
ellipse with the same covariance function is built, geometrical study on this ellipse
provides information on the original shape, in our case the rosette.




i · yj) where x and y are the coordinates of the pixel. According to this
































the order of each moment will depend on the values assigned to i and j. With this,












are determined by the points in the image and allow to calculate the following
descriptors.
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It deduction goes beyond the requirements of this thesis. This measurement does not
describe the shape of rosettes, but provides the main direction of its distribution. It is
a uniformly distributed variable, because there are not any reason that plants grows
preferentially towards any direction, so no analysis should indicate any significant
result for it.
Minor and Major Axis Length, their Normalization and Ratio. From covariance
matrix eigenvalues and eigenvectors, the orientation, eigenvector, and the length ,
diagonal of eigenvalue matrix, of two perpendicular axis are obtained. They are the
longest axis of the ellipse, so the same that its orientation, and its perpendicular,
or shorter axis of ellipse. These lengths are a measure of rosettes size, but the ra-
tio between them is indicative of departure from a circle and a measure of rosette






Eccentricity. The eccentricity of an ellipse is a metric of its “elongatedness”. It is



























and it is one of Hu’s Invariant moments (Hu, 1962).
In the case of the rosettes Rotational moment correlates with compactness, but it is
less sensible to artefacts that actual compactness is.
These moment based measurements leverage on the spatial distribution of pixels
and capture the distortion of rosettes from a circle. Their sensibility to different
rosette structures, like longer or shorter petioles or rounded/elongated blades cannot
be immediately extracted from their formulas. Segmentation errors may strongly
influence its values as outliers would do in multivariate statistics. When the errors
are not very dramatic, as small set of pixels that disappear, or little artefacts close to
leaves or plant centre, descriptor values should not be very affected. However, when
pieces of soil or stones, especially if big enough, may affect the covariance matrix in
such a way that principal axis and other moments do not capture the essence of the
rosette.
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Circularity. This is another method to describe how far the shape departs from a circle similar
to roundness, but in this case make use of the boundary pixels (Haralick, 1974; Montero
and Bribiesca, 2009). It is calculated by extracting pixels from boundary and calculating
their distance to shape centroid called radial distance. Radial distance is used to obtain
mean radial distance and its standard deviation, and the ratio Circularity = µR
σR
. This
formula is identical to the coefficient of variation in univariate statistics. This formula is
more robust to the presence of artefacts than Roundness, but it is not included in all the
software for computer vision based phenotyping.
Recent research in plant phenotyping has not made much use of this kind of descriptors.
Rather, the selection of morphological measurement are moved to more complex metrics, re-
ducing partially the throughput but increasing the discrimination power and accuracy. As
examples, fractal and symmetry measurements are studied by Che´ne´ et al. (2016) using depth
cameras, and most shoot plant phenotyping is done on leaves (Krieger, 2014; Punyasena and
Smith, 2014, and references therein).Bucksch (2014) explore the use of skeletons in the study
of 2D and 3D morphology of shoots and roots by Reeb Graphs.
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B.2 Genes within potential QTL
Marker Gene Description
MN1 1945105 AT1G06380 Ribosomal protein L1p/L10e family;
MN1 1945105 AT1G06370 pseudogene, similar to putative glycolipid alpha-
mannosyltransferase
MN1 2548265 AT1G08130 DNA ligase 1. Key role in both DNA replication and
excision repair pathways.
SGCSNP10165 NA #N/A
MASC04211 AT1G43886 transposable element gene;
PERL0147872 AT1G47565 transposable element gene;
MN1 19506032 AT1G52360 Coatomer, beta’ subunit;
MN1 592760 AT1G02720 Encodes a protein with putative galacturonosyltrans-
ferase activity.
MN1 1844838 AT1G06080 homologous to delta 9 acyl-lipid desaturases of
cyanobacteria and acyl-CoA desaturases of yeast and
mammals. expression down-regulated by cold tempera-
ture.
MN1 4041372 AT1G11960 ERD (early-responsive to dehydration stress) family
protein;
FKF1 606 AT1G68050 Encodes FKF1. Regulates transition to flowering.
MASC00497 AT1G54410 dehydrin family protein;
MASC00290 AT1G56430 Encodes a protein with nicotianamine synthase activity.
MN1 21944762 AT1G59720 Pentatricopeptide Repeat Protein.
MN1 28584258 AT1G76160 SKU5 similar 5 (sks5);
NMSNP1 21401646 AT1G57770 FAD/NAD(P)-binding oxidoreductase family protein;
NMSNP2 16908351 AT2G40460 Major facilitator superfamily protein;
MASC05927 AT2G26240 Transmembrane proteins 14C;
Table B.3: Set of Markers, Genes and Gene Descriptors. Markers are the peak SNPs resulting
from the QTL mapping using ER 472 as Covariable
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Marker Gene Description
MASC05920 AT2G26300 Encodes an alpha subunit of a heterotrimeric GTP-
binding protein. Recessive mutant alleles have complex
phenotypes including: reduced brassinolide response, re-
duced cell divisions, round leaves, short hypocotyls.
ER 472 AT2G26330 Homologous to receptor protein kinases. Involved in
specification of organs originating from the shoot api-
cal meristem.
MN2 10134400 AT2G23790 Protein of unknown function (DUF607);
MASC05841 AT2G33990 IQ-domain 9 (iqd9);
MASC06034 AT2G35585 unknown protein;
MASC02928 AT2G22910 N-acetyl-l-glutamate synthase 1 (NAGS1);
MN2 18034146 AT2G43410 FPA regulates flowering time in Arabidopsis indepen-
dent of daylength. Mutations in FPA result in extremely
delayed flowering.
MN2 14003409 NA #N/A
HOS1 5954 AT2G39820 Translation initiation factor IF6;
PHYB 2850 AT2G18790 Red/far-red photoreceptor involved in the regulation of
de-etiolation. Involved in the light-promotion of seed
germination and in the shade avoidance response.
MASC05372 NA #N/A
MASC02492 AT2G29930 F-box/RNI-like superfamily protein;
MN2 16684166 AT2G39950 unknown protein;
MN2 17792406 AT2G42720 FBD, F-box, Skp2-like and Leucine Rich Repeat do-
mains containing protein;
MN2 17899626 AT2G43020 Encodes a polyamine oxidase.
MN2 17899626 AT2G43018 Upstream open reading frames (uORFs) can potentially
mediate translational regulation of the largest, or major,
ORF (mORF).
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MN2 17304379 AT2G41480 Peroxidase superfamily protein;
MN2 17860020 AT2G42890 A member of mei2-like gene family.
ATC 2596 AT2G27570 P-loop containing nucleoside triphosphate hydrolases
superfamily protein;
MASC02020 AT2G43290 Encodes calmodulin-like MSS3.
MN2 13605144 AT2G31960 encodes a protein similar to callose synthase
MN2 11300378 AT2G26550 Encodes a heme oxygenase-like protein lacking the con-
served histidine residue at the active site that is usually
involved in heme-iron coordination. It is unable to bind
and degrade heme. Mutant analyses suggest a role in
photomorphogenesis.
MN2 14406873 AT2G34100 unknown protein;
MN2 14406873 AT2G34110 forkhead-associated (FHA) domain-containing protein
MN2 14350717 AT2G33880 Encodes a protein with similarity to WUS type home-
odomain protein. Required for meristem growth and de-
velopment and acts through positive regulation of WUS.
MASC02512 AT2G32460 Member of the R2R3 factor gene family.
FES1 1177 AT2G33835 Encodes a zinc finger domain containing protein that is
expressed in the shoot/root apex and vasculature, and
acts with FRI to repress flowering.FES1 mutants in a
Col(FRI+) background will flower early under inductive
conditions.
MASC05384 AT2G36720 Acyl-CoA N-acyltransferase with RING/FYVE/PHD-
type zinc finger domain;
Table B.3: Set of Markers, Genes and Gene Descriptors. Markers are the peak SNPs resulting
from the QTL mapping using ER 472 as Covariable
Page 229
APPENDIX B. MAGIC Odin Moron Garcia
Marker Gene Description
RGA 1023 AT2G01570 Member of the VHIID/DELLA regulatory family. Puta-
tive transcriptional regulator repressing the gibberellin
response and integration of phytohormone signalling.
DELLAs repress cell proliferation and expansion that
drives plant growth. Represses GA-induced vegetative
growth and floral initiation. Rapidly degraded in re-
sponse to GA. Involved in fruit and flower development.
MN2 7742622 AT2G17790 Encodes a protein with similarity to yeast VPS35 which
encodes a component of the retromer involved in retro-
grade endosomal transport.
PHYB 5215 AT2G18790 Red/far-red photoreceptor involved in the regulation of
de-etiolation. Involved in the light-promotion of seed
germination and in the shade avoidance response.
MN2 16837474 AT2G40290 Encodes an eIF2alpha homolog that can be phosphory-
lated by GCN2 in vitro.
MASC06116 NA #N/A
MASC02949 AT2G25680 Encodes a high-affinity molybdate transporter.
MN2 347772 AT2G01810 RING/FYVE/PHD zinc finger superfamily protein;
MN2 14801460 AT2G35100 Putative glycosyltransferase, similar to other CAZy
Family 47 proteins.
MN2 12187411 AT2G28490 RmlC-like cupins superfamily protein;
MASC02995 AT2G20830 transferases;
FDP 733 AT2G17770 Encodes a paralog of bZIP transcription factor FD. This
protein interacts with FD and FT.
MASC03019 AT2G23260 UDP-glucosyl transferase 84B1 (UGT84B1);
MN2 12435349 AT2G28940 Protein kinase superfamily protein;
MN2 15565512 AT2G37040 Encodes PAL1, a phenylalanine ammonia-lyase.
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NMSNP2 14697188 AT2G34820 basic helix-loop-helix (bHLH) DNA-binding superfamily
protein;
MASC05584 AT2G21350 RNA-binding CRS1 / YhbY (CRM) domain protein;
MN2 9256220 AT2G21620 Encodes gene that is induced in response to dessication;
MASC06022 AT2G40435 BEST Arabidopsis thaliana protein match is: transcrip-
tion regulators (TAIR:AT3G56220.1);
MN2 14949589 AT2G35600 Belongs to five-member BRX gene family.
HOS1 1788 AT2G39810 A novel protein with a RING finger motif near the amino
terminus. Negative regulator of cold responses.
MN2 9653239 AT2G22680 Zinc finger (C3HC4-type RING finger) family protein;
SAR1 183 AT2G33120 Encodes a member of Synaptobrevin-like protein family.
Also known as VESICLE-ASSOCIATED MEMBRANE
PROTEIN 722 (VAMP722). Required for cell plate for-
mation.
MN2 13265590 AT2G31110 Encodes a member of the TBL (TRICHOME
BIREFRINGENCE-LIKE) gene family containing a
plant-specific DUF231 (domain of unknown function)
domain.
MN2 13265590 AT2G31100 alpha/beta-Hydrolases superfamily protein;
MASC09221 NA #N/A
PHYB 4171 AT2G18790 Red/far-red photoreceptor involved in the regulation of
de-etiolation. Involved in the light-promotion of seed
germination and in the shade avoidance response.
MN2 14407001 AT2G34110 forkhead-associated (FHA) domain-containing protein
MN2 14407001 AT2G34100 unknown protein;
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MN2 17844494 AT2G42870 Encodes PHYTOCHROME RAPIDLY REGULATED1
(PAR1). Up regulated after simulated shade perception.
Acts in the nucleus to control plant development and as
a negative regulator of shade avoidance response. Tran-
scriptional repressor of auxin-responsive genes SAUR15
(AT4G38850) and SAUR68 (AT1G29510).
MN2 16080260 AT2G38370 Plant protein of unknown function (DUF827);
NMSNP3 18379643 AT3G49550 unknown protein;
MN3 2236721 AT3G07060 embryo defective 1974 (emb1974);
NMSNP3 17381469 AT3G47170 HXXXD-type acyl-transferase family protein;
MASC04560 NA #N/A
MASC02733 AT3G23580 Encodes one of the 3 ribonucleotide reductase (RNR)
small subunit genes (RNR2A). Critical for cell cycle pro-
gression, DNA damage repair and plant development.
MN3 2967877 AT3G09670 Tudor/PWWP/MBT superfamily protein;
NMSNP3 2216922 AT3G07010 Pectin lyase-like superfamily protein;
NMSNP3 18980664 AT3G51070 S-adenosyl-L-methionine-dependent methyltransferases
superfamily protein;
NMSNP3 18980664 AT3G51075 Potential natural antisense gene, locus overlaps with
AT3G51070
MN3 22146586 NA #N/A
MN3 4141103 AT3G12970 unknown protein;
NMSNP3 21989468 NA #N/A
MN3 15977654 AT3G44274 unknown pseudogene
NMSNP5 6416385 AT5G19130 GPI transamidase component family protein / Gaa1-like
family protein;
MASC01180 AT5G61820 molecular function unknown;
NMSNP5 6523120 AT5G19360 member of Calcium Dependent Protein Kinase
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MASC04437 AT5G63840 radial swelling mutant shown to be specifically impaired
in cellulose production. Encodes the alpha-subunit of a
glucosidase II enzyme.
MN5 25963543 AT5G64930 Regulator of expression of pathogenesis-related (PR)
genes. Participates in signal transduction pathways in-
volved in plant defense (systemic acquired resistance -
SAR).
MASC01444 AT5G59320 Predicted to encode a PR (pathogenesis-related) pro-
tein. Belongs to the lipid transfer protein (PR-14) fam-
ily
NMSNP5 13614633 AT5G35390 Encodes a member of the receptor-like kinase family of
genes.
NMSNP5 14661352 AT5G37060 member of Putative Na+/H+ antiporter family
MN5 24996889 AT5G62180 carboxyesterase 20 (CXE20);
MASC04571 AT5G57530 xyloglucan endotransglucosylase/hydrolase 12
(XTH12);
MASC01545 AT5G57760 unknown protein;
NMSNP5 13272366 AT5G34965 transposable element gene;
MN4 11579839 AT4G21820 calmodulin binding
MN4 11580143 AT4G21820 calmodulin binding
NMSNP4 15765120 AT4G32680 unknown protein;
NMSNP4 15765120 AT4G32690 Encodes a hemoglobin (Hb) with a central domain simi-
lar to the ’truncated Hbs of bacteria, protozoa and fungi.
MASC04642 NA #N/A
MN4 15087653 AT4G30990 ARM repeat superfamily protein;
MN4 17803780 AT4G37870 Encodes a phosphoenolpyruvate carboxykinase that lo-
calizes to the cytosol.
NMSNP4 17038400 AT4G36000 Pathogenesis-related thaumatin superfamily protein;
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MN4 17442969 AT4G37000 Mutants have spontaneous spreading cell death lesions
and constitutive activation of defenses in the absence
of pathogen infection. Its product was shown to display
red chlorophyll catabolite reductase (RCCR), which cat-
alyzes one step in the breakdown of the porphyrin com-
ponent of chlorophyll. The enzyme was further assessed
to be a Type-1 (pFCC-1-producing) RCCR.Upon P. sy-
ringae infection, ACD2 localization shifts from being
largely in chloroplasts to partitioning to chloroplasts,
mitochondria, and to a small extent, cytosol. Overex-
pression of ACD2 delayed cell death and the replication
of P. syringae.
PHYD 2290 AT4G16250 Encodes a phytochrome photoreceptor with a function
similar to that of phyB that absorbs the red/far-red part
of the light spectrum and is involved in light responses.
MN4 11488359 AT4G21605 pseudogene, hypothetical protein
MASC03336 AT4G32020 unknown protein;
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